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ABSTRACT

Studies have shown that there is a strong correlation between aging and
neurodegenerative diseases. Aging is considered the number one risk factor to
develop neuropathologies such as memory loss, senile dementia, Alzheimer’s
disease (AD), and Parkinson’s disease. Neurodegenerative diseases tend to
start during adulthood, and aggravate over time, making them difficult to prevent
and to treat. In the Unites States, demographic studies by U.S. Bureau of the
Census have determined that our aging population of >65 years is expected to
increase from the present 35 million to 78 million in 2030. This would result, not
only to an increase of age-related chronic illness, and mental disability, but to a
decrease of quality of life, and an elevation of medical cost. Thus, this
dissertation has focused on investigating the molecular mechanisms during the
process of aging and its correlation to chronic inflammation and cognitive
impairments. The etiology of neurodegenerative diseases is not very well
understood, but research has shown that the process of aging is a key factor,
which involved oxidative stress, an over reactive microglia, and increased
production of pro-inflammatory cytokines. All these factors are known to
decrease cell proliferation, which limit neuroplasticity and they might lead the
transition from normal aging to more severe cognitive dysfunction associated
with neurodegenerative diseases. Previously, we have shown that natural
v

compounds such as polyphenols from blueberry, and green tea, and amino acids
like carnosine are high in antioxidant and anti-inflammatory activity that
decreases the damaging effects of reactive oxygen species (ROS), in the blood,
brain, and other tissues of the body. Therefore, we examined the hypothesis that
the pro-inflammatory cytokine TNF- may be a critical factor that modulates
classical conditioning behavior, the effects of NT-020 on adult neurogenesis,
inflammatory markers of the CNS, and the effect of NT-020 on cognitive function
as shown using spatial navigation task. The results show that in aged rats,
endogenous production of pro-inflammatory cytokine TNF-α impairs the
acquisition of learning and memory consolidation in the delay eyeblink classical
conditioning task (EBC). It was shown that this effect can be replicated by
infusing young rats with exogenous TNF-α prior to EBC. Using NT-020 as a
dietary supplement for one month, it was found that NT-020 ameliorates the agerelated impairments typically found in aged rats in the spatial navigation tasks
Morris water maze and radial arm water maze. By looking at
immunohistochemistry analysis, it was found a decreased number of OX6 MHC II
positive cells, increased neurogenesis, and increased number of proliferating
cells in the dentate gyrus (DG) of the hippocampus in the aged rats fed with NT020 relative with their counterpart aged control. In the CNS, Inflammatory
markers were analyzed, and it was found that aged rat fed with NT-020
supplemented diet has decrease levels of pro-inflammatory cytokines in
compared with aged rats fed with NIH-31 control diet. In conclusion, TNF-α, a
pro-inflammatory cytokine has shown to have a modulatory effect during classical
vi

conditioning. Moreover, NT-020 may promote a healthy CNS milieu, proliferation
of neuronal progenitors, and maintenance of nature neurons in the aged rats and
it might exert anti-inflammatory actions which promote a functional stem cell pool
in the CNS of aged rats.

vii

CHAPTER 1

INTRODUCTION

1.1 Adult Neurogenesis:
For many years, it was believed that neurons in the adult brain were born
and differentiated early in prenatal and neonatal periods and then maintained
throughout the life span with no new neurons being born. About 50 years ago,
the concept of adult neurogenesis was introduced. This concept of adult
neurogenesis, or the idea that neural stem cells can proliferate and differentiate
into neurons through the life span of human and mammals, was first reported by
Joseph Altman. In his studies, he described the visualization of neogenesis of
nerve cells such as glial cells and neurons in the adult brain after injury. The
experiment was a pilot study to test the kinetics of glial proliferation after bilateral
electrolytic injury. The visualization of dividing cells was possible by intracranial
injection of a specific precursor of the chromosomal DNA called thymidine-H3. He
found an increased number of glial cells very close to the area of injury as well as
some neurons in areas not necessarily related with the injury area (Altman et al.,
1962). Since then, the process of neurogenesis has been extensively studied
along with the mechanism by which this process occurs in the adult mammalian
brain. Using the same thymidine-H3 technique, many neuroscientists showed
1

that neural stem cells are able to proliferate, differentiate and even reach maturity
to become functional glial cells or neurons.
In the adult mammalian brain, there are two stem cell niches namely the
subventricular zone (SVZ) and the subgranular layer (SG) of the dentate gyrus
(DG) of the hippocampus from which predominantly stem/ neural precursor cells
reside (Kaplan MS., et al 1977, Cameron HA., 1993, Gage FH., et al 1995,
kempermann G., et al 1997). In a study by Cameron, the differentiation
capabilities of newly born neurons and glial cells were tested in the dentate gyrus
of the adult rat. These authors observed an increase in thymidine-H3 labeled
cells from 1 hour to 1 week in the granular cell layer of the DG. Three weeks
after thymidine-H3 injection, a neuronal marker showed the presence of neurons
in thymidine-H3 labeled cells of the granular layer. Using glial fibrillary acidic
protein (GFAP) as a glial marker, a population of glial cells that underwent
mitosis was observed, but unlike neural precursors, they did not increase in
number three weeks after thymidine-H3 injection. This study suggested that cells
in the granular cell layer of the DG are constantly dividing and differentiating into
either mature granular neurons or glial cells three weeks after being born
(Cameron HA., 1993).
While many of these experiments were done in mouse, rats or monkeys, a
different group lead by Gage decided to look at adult neurogenesis in the human
brain. Cancer patients, who were treated with a thymidine analog called
bromodeoxyuridine (BrdU) for diagnostic purposes, served as the study
2

population. Human brains were collected postmortem and analyzed using
neuronal markers as NeuN, calbindin, and neuron specific enolase (NSE). They
demonstrated that human hippocampus, specifically the human DG, possesses
dividing nuclei similar in morphology and localization to those found in the adult
mouse, rat and marmoset monkey. Although, they cannot state that these cells
are functional, they concluded that these cells are able to divide and they can
differentiate into granular cell neurons and express mature neuronal markers
(Eriksson, et al 1998).
As mentioned above, the neurogenic niches contain the progenitor cells
and they confer a function in their environment. The proliferation of stem cells in
the SVZ of the lateral ventricle contributes to the increase and replacement of
cells within the olfactory bulb, and the integration of new neurons into the
granular cell network within the DG shows a positive correlation with behavioral
task such as novel object recognition, trace conditioning, spatial learning and
memory (Dupret D et al., 2008, Bath K et al., 2011, Vukovik J et al., 2011).
1.1.1 Adult neurogenesis and cognitive function:
The reason why the proliferation of neural progenitors occurs in the adult
brain is yet to be elucidated. However, some studies have shown a link between
adult neurogenesis and cognitive function. Learning and memory consolidation
are part of the cognitive functions of the brain. The brain has the capacity to
perceive, recognize, store and consolidate novel information from the
environment. Back in 1954, scientists Scoville and Milner found that bilateral
medial temporal lobotomy will cause severe memory deficits. They pointed out
3

the importance of an intact hippocampus when encoding and retaining new
memories (Scoville and Milner., 1954). The hippocampus receives inputs from
the enthorinal cortex (EC), which receives inputs from all areas of the neocortex.
There is a main excitatory hippocampal network known as the trisynaptic
pathway (TSP) where information moves progressively from layer II of the EC to
the DG, to the CA3, to the CA1 and to the subiculum. It is believed to be in
charge of the formation of short and long term memory as well as spatial
navigation (Amaral D et al., 1989, Nakashiba T., et al 2008).
Many studies have suggested and emphasized the importance of the
generation of new granular neurons within the hippocampal network to form
spatial navigation memory in adult mammals. Barnea and Nottebohm were one
of the first scientists to outline the possibility that new cells are generated and
recruited during the process of learning. The experiment used free-ranging and
captive birds to test their hypothesis about seasonal increase of hippocampal
neurons in those birds. It was found that neuronal recruitment was higher in the
free-ranging birds during the fall season relative to captive birds. These data
suggested that the peak of new neuron recruitment is different during life-style
changes. These life-style changes due to different environmental stimuli during
fall season induced structural plasticity of the brain in order to fulfill the need to
form new spatial memories in the free-ranging birds (Barnea A. & Nottehom
1994). Later, more evidence was published in favor of adult neurogenesis and
its positive correlation with hippocampal dependent cognitive function.

4

Experiments have shown the effect of different associative behavioral
tasks such as spatial navigation and trace conditioning on the fate of adultgenerated hippocampal neurons as well as the negative effect of decreased
proliferation of neural progenitors in learning and memory consolidation in rats
(Gould E et al., 1999a, Shorts TJ et al., 2002, Lemaire V et al., 2000, Bendetta L
et al., 2004). These studies demonstrated that there is a direct association
between learning and memory consolidation and the proliferation and
differentiation of neural cells. However, many other scientists see this
correlation of neurogenesis and memory consolidation somehow controversial.
In order to further investigate the function of adult neurogenesis, and its
relationship with learning and memory formation, different animal models of
ablation of adult neurogenesis in the hippocampus have been created (Shorts
TJ., et al 2002, Saxe MD., et al 2006, Dupret D., et al 2008). Scientists
commonly will use techniques such as high frequency irradiation, DNA
methylating agents, transgenic models, or a lentiviral approach to test their
hypothesis on the functionality of new granular neurons in the DG during
adulthood. For instance, in a study by Shors et al, methylazoxymethanol acetate
or MAM was used as their DNA methylating agent. They tested whether or not
the reduction of adult neurogenesis affected cognitive function in a hippocampal
dependent behavioral task. It was concluded that rats with a significant reduction
of new neurons were the most impaired, in what the investigators labeled as a
robust behavioral task, trace eyeblink conditioning, but was not affected in what
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they defined as a simpler task, fear conditioning or novel object recognition
(Shorts TJ et al., 2002).
Scientists argue that MAM is an unspecific agent to ablate new born
neurons and it may have caused side effects in different brain areas adjacent to
the hippocampus. However, the relationship of new born neurons in the DG of
the adult hippocampus has been supported with even more specific methods to
ablate new born neurons. Sinjer et al, Saxe et al and Dupret et al have used
very specific transgenic models to ablate neurogenesis (Sinjer B et al., 2010,
Saxe et al., 2006, Dupret D et al., 2008). A transgenic mouse model expressing
the herpes simplex virus-thymidine kinase (HSV-tk) was used by Saxe et al, to
ablate neurogenesis and to determine whether radiation or loss of neurons
caused the impairments found during a fear conditioning task in focal irradiated
mice. In their model, GFAP was used as the promoter. As shown in the
literature, adult neurogenesis derives from progenitors expressing GFAP, before
differentiation (Dengke K Ma et al., 2005). In these mice, HSV-tk will be
expressed in GFAP proliferating cells. They used the antiviral ganciclovir to
chronically and specifically kill proliferating stem cells expressing the HSV-tk
gene. Wild type mice and GFAP-tk transgenic mice received 6 weeks
administration of ganciclovir, then these mice were tested in the fear conditioning
task. The results showed that there were not alterations on the cued fear
conditioning, but there was a significant decrease of freezing in contextual
conditioning.
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These results suggested that the inflammation caused by irradiation may
have caused the significant differences in cued fear conditioning in mice, yet, the
specific ablation of neurogenesis still caused cognitive impairments in contextual
fear conditioning (Saxe et al., 2006). Moreover, in a study by Sinjer et al, they
used a similar transgenic model of chronic ablation of neurogenesis in adult
mice. This study used the nestin thymidine kinase (nestin-tk) transgenic model,
in which, there is a nestin promoter that controls the expression of herpes
simplex virus thymidine kinase (HSV-tk). Ganciclovir was administered to
selectively kill mitotic stem/progenitor cells. After electrophysiological
measurements of long term potentiation (LTP), they demonstrated a transient
impairment of signal plasticity. They found reversible LTP impairments in mice
with decreased neurogenesis. Interestingly, they also found that LTP was
recovering 42 days after the day of ablation, suggesting a compensatory network
in the DG to restore memory (Sinjer B et al., 2010). The use of transgenic mice
and new technology has elucidated the influence of adult neurogenesis in
hippocampal-dependent complex cognitive functions such as spatial memory.
The maintenance, maturation and integration of new born granular cells within
the hippocampal circuit is fundamental for information processing, learning and
memory, however, despite the evidence, the process or mechanism by which
new neural cells are formed during adulthood is not very well understood. So far,
environmental enrichment, voluntary exercise, intrinsic factors and learning have
been shown to contribute to the regulation of neurogenesis in the adult brain by
providing signals that enhance survival, maturation and formation of new
7

synaptic plasticity. Yet many more questions remain concerning the
mechanisms of action, maintenance and survival of these neural progenitors.
1.1.2 Process of adult neurogenesis
The process of hippocampal adult neurogenesis is considered a form of
brain plasticity that requires activation of neural progenitors, migration,
differentiation and maturation processes to finally integrate into hippocampal
circuitry, and thus, contribute to hippocampal function. To understand, what
influences the process of neurogenesis, studies have paid close attention not
only to factors that contribute to increase neurogenesis in the mammalian brain
but also to factors that negatively influence the new generation of neurons.
Factors that positively influence neurogenesis by stimulating the brain
microenvironment to enhance proliferation, survival and integration are, among
others, physical activity, growth factors, learning and memory (Vukovic J et at.,
2010, van Praag et al., 1999a, Tashiro A et al., 2006, Lafenetre P et al., 2011,
Laplagne T.N et al., 2008).
Exactly why the production of hippocampal DG granular cells persist
throughout the life of a mammal is not clear but evidence shows that through
voluntary exercise, the positive effects of physical activity on neurogenesis,
spatial learning and memory, and long term potentiation can be demonstrated.
Recent studies show that hippocampal blood flow perfusion increases during
aerobic exercise and it has been proposed that this increased delivery of
nutrients might contribute to increased cell proliferation and therefore increased
hippocampus volume. Older individuals show an age-related decrease in oxygen
8

delivery caused by an array of age-related diseases from cardiac malfunction,
stroke, diabetes etc that can ultimately decrease blood flow perfusion to the brain
parenchyma. This decrease of oxygen and nutrients carried by the blood might
influence decreased hippocampal volume causing learning and memory decline
and/or dementia (Raz N et al., 2005). A randomized controlled study of 120
older adults, of ages between 55 and 80 years old found that walking for 10
minutes a day for a period of 7 weeks increases the anterior hippocampal volume
and ameliorated spatial memory relative to control older adults. This study also
looked at the plasma levels of brain derived neurotrophic factor (BDNF), a factor
whose mRNA increases during exercise and is associated with increased cell
proliferation, compared to the control group (Neeper S.A et al., 1996). Although
a significant difference was not found in terms of plasma levels of BDNF between
the groups, a correlation demonstrated that elevated levels of BDNF in the
walking group were positively correlated with their hippocampal volume (Erickson
K et al., 2011). This study suggested a possible mechanism of action on how
increased blood perfusion due to aerobic exercise can nurture neurogenic niches
and increase hippocampal volume possibly by stimulating cell proliferation.
In order to demonstrate the beneficial effects of aerobic exercise on cell
proliferation, a different study labeled mitotic cells in mice during voluntary
exercise. Mice were divided into runners and control; both groups were injected
intraperitoneally (i.p) with BrdU and trained in the Morris water maze, a
hippocampal dependent learning task. Results showed exercise increased BrdU
labeling in the granular zone of the DG, ameliorated spatial navigation in the
9

Morris water maze, and increased hippocampal and DG LTP (Van Praag H et al.,
1999). LTP augments and controls mechanisms for learning and memory
function through synaptic activity in the brain especially in the hippocampus
through the N-methyl-D-aspartate receptor (NMDAR). Glutamate activates
NMDA receptors allowing extracellular calcium (Ca2+), and sodium (Na+), to flow
into the cell and letting potassium (K+) out of the cell. This influx of Ca2+ activates
a chain of events that ultimately induces changes on synaptic plasticity
modulating learning and memory (Morris R.G.M et al., 1986, Wigstrom, H. &
Gustafsson, B. 1987).
Intrinsic signals, also influence the hippocampal microenvironment by
regulating maturation and maintenance of new neurons in the SGZ. Signals from
glial cells have been shown to regulate the process of neurogenesis in the DG
through Wnt signaling (Zhao et al 2008, Lie D.C., et al 2005). Astrocytes in the
SGZ of the DG express many members of the Wnt family including wnt3 and it
has also been shown that neural stem cells (NSCs) contain the Wnt receptor.
Experiments in vitro have shown that Wnt proteins were present during
proliferation of NSCs and when blocked, cell proliferation was blocked as well
(Kleber, M. & Sommer, L., 2004, Maretto S et al., 2003). Growth factors such as
vascular endothelial growth factor (VEGF) increase due to environmental
enrichment and exercise and they seem to confer signals to new neurons to
regulate their proliferation and growth. This hypothesis was demonstrated in a
study in which animals were infused with recombinant adeno-associated viral
vectors (rAAVs) expressing human VEGF (Cao et al., 2004). This study showed
10

a two fold increase in neurogenesis relative with their control counterpart and this
was directly associated with the improvement in cognitive functions.
Studies of neurotrophic factors such as BDNF, have shown strong
evidence for their function in neural maintenance, maturation and synaptic
plasticity necessary for learning and memory (Neeper S.A et al., 1996, Lu B et
al., 1997). An in vitro study inducing mesenchymal stem cells to become
dopamine (DA) progenitors, demonstrated that BDNF was able to act through the
tropomyosin-receptor kinase B (trkB) present in these cells, enhancing their
maturation and increasing DA release (Trzaska KA et al., 2009). Also, studies
using BDNF have shown that this neurotrophic factor influences the modulation
of learning and synaptic plasticity in the adult brain. It was demonstrated that by
blocking BDNF, long term memory retention was eliminated (Slipczuk L et al.,
2009).
The process of adult neurogenesis requires the influence of a series of
positive signals and growth factors which are concomitantly influenced by other
mechanisms, such as physical activity and other growth factors, in order to
achieve proliferation of progenitor cells as well as, their differentiation, maturation
and survival. On the other hand, the process of adult neurogenesis can be
dysregulated by factors that negatively influence the brain microenvironment.
The process of aging constitutes an important factor that decreases the
proliferative activity of neurogenic niches (Kuhn HG et al., 1996, Bachstetter et
al., 2008, Drapeau E et al., 2008).
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1.2 Aging and neurogenesis
As mention above, the process of aging is one of the factors that
dysregulates neural cell proliferation and neural differentiation processes in the
CNS. Very well documented evidence has shown that neurogenesis declines
during aging. Aging is a natural process associated with a progressive decline in
stem cells, cell proliferation, cognitive function, anti-oxidant defenses, and
immune function. A decline in stem cells and cell proliferation during aging may
be linked to different exogenous and endogenous signals that progressively
instigate age-related pathologies and neurodegenerative diseases such as
learning and memory loss, mild dementia, Alzheimer’s disease (AD), and
Parkinson’s disease (PD) (Encinas JM et al., 2011, Kuhn HG et al., 1996, SeoHyun C et al., 2011, Mogi M et al., 1994, Boka G et al., 1994).
The development of neuronal markers facilitated the study of the process
of neurogenesis and the age-related decline of neurogenesis in older mammals.
Back in 1995 a group of scientists demonstrated that neural cell adhesion
molecule (NCAM-H) can be used to double label BrdU positive new granular
neurons in the DG of young and aged rats. In their study, they demonstrated age
related changes of new granular cell neurons in the DG. A group of young 35
days old rats and old 18 months old rats were injected with BrdU and double
labelled with NCAM-H using immunohistochemical procedures. The data showed
that new granular neurons decreased gradually over a period of one year.
Although new granular cells were detected in the 18 month old group of rats,
their numbers differed greatly from young animals . These findings suggested that
12

the process of aging influences the cell proliferation and cell development (Seki
and Arai et al., 1995).
A very similar study looking at hippocampal neurogenesis of young,
middle age and old rats demonstrated differences in the proliferative capacity
and migration of neural progenitors. In a study by Kuhn, et al, BrdU was injected
intraperitoneally into young (6 months old), middle age (12 month old) and aged
rats (27 month old rats). After 6 weeks, rats were euthanized and a dramatic
decrease in mitotic activity from the neural stem cells was found in the 27 month
old rats relative to middle age and young rats. Interestingly, the aged group,
showed decreased immunoreactivity of polysialylated neural cell adhesion
molecules, which are responsible for cell migration. These results suggested
that not only proliferation of neural stem cells is affected but also their capacity to
migrate to different areas and thus differentiate and become functional and
mature (Kuhn HG et al., 1996).
Different studies not only looked at the process of creating new neurons,
but also looked at the NSC pool during adulthood. Depletion of the NSC pool is
a common finding when studying the brain of older mammals, and researchers
are looking for an explanation as to how this depletion occurs and it has been
suggested that asymmetric division favoring astrocytic differentiation occurs
during aging. Researchers have called this asymmetric division the “disposable
stem cell model”. This model attempts to explain the progressive decline of
neurons, neural progenitor cells and the increase of astrocytes in aged mammals
(Encinas J et al., 2011).
13

1.2.1 Aging and cognitive function
In mammals, cognition decreases as we age, especially contextual
knowledge such as episodic memory. Episodic memory is part of declarative
memory or explicit memory and relates to knowledge of places and time (Craik
and Byrd, 1982). Many studies have looked at the influence of aging in cognition
and it has been shown that its decline correlates with the decline in neurogenesis
(Mc Donald HY., et al 2005, Drapeau E., et al 2008, Encinas JM., et al 2011).
Bizon and Gallagher demonstrated that rat aging models are as
heterogeneous as the human population in terms of their cognitive function
during normal aging. Aging rats show a different degree of memory impairments
when measuring their spatial memory in the Morris water maze. Also, the brains
of aging rats were shown to degenerate due to factors other than chronological
age. As a result, Bizon & Gallagher , created an index of learning and memory
among rats of the same age to be able to determine a cognitively impaired rat
from cognitively unimpaired rat (Bizon and Gallagher, 2003). In an earlier study
these differences were intriguing and many scientists were determined to find a
molecular and physiological explanation. In a study by Geinisman et al (1986),
three groups of rats were selected to study their differences in terms of
hippocampal integrity and cognitive function. The selection of the groups was
based on their age and their spatial memory capacity. Young adult rats were
compared with either old rats with unimpaired spatial memory or with old rats
with impaired spatial memory. Morphological studies on perforated and nonperforated synapses were carried out. These types of synapses are found in the
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CNS and represent synaptic plasticity in the brain. Interestingly, it was found that
the rats with impaired spatial memory also showed loss of perforated axospinous
synapses compared with the unimpaired aged group. These results suggest that
synaptogenesis is affected by the normal process of aging but it is not
necessarily an occurrence of all aged rats. Also, the loss of perforated synapses
may explain the spatial memory deficit on aged rats with impaired spatial
memory (Geinismam Y et al., 1986)
In accordance to this statement, an experiment using only aged rats to
elucidate the differences in cognitive function, specifically spatial memory within
the same age groups, and to find out quantitatively the relationship between
cognitive decline and granular cell decline during aging was performed. After
training aged rats in the Morris water maze, the results were divided into
cognitive unimpaired aged rats and cognitive impaired aged rats. It was found
that there is a relationship that can be quantified between the two variables,
aging and cognition. The results demonstrated that animals with conserved
spatial memory (aged-unimpaired) show more cells in their proliferative state
relative to aged-impaired. In terms of neurogenesis, it was also found that aged
unimpaired rats exhibit a larger number of new neurons. These data reinforced
the idea that cognitive alteration during the process of aging is proportionally
related with the ability of cell self renewal and incorporation to neuronal circuitry
for synaptic activity (Drapeau E., 2003).
The vascular system carries blood away from the heart to surrounding
tissues including the brain parenchyma for nutrient exchange. In the brain,
15

neurogenic niches such as the DG of the hippocampus are surrounded by
capillaries that allow the exchange of oxygen, chemical waste, water and carbon
dioxide from the blood to the cells and vice versa (Anthea M et al., 1993). It has
been proposed that during the aging process, age-related blood borne factors
might be another factor that contributes to the decrease of neural stem cell
proliferation/progenitor cells, decreasing hippocampal neurogenesis and
negatively affecting hippocampal related cognitive function (Lie D et al., 2005,
Renault V et al., 2009). One study investigated the context of neurogenesis in a
heterochronic parabiosis mouse model. A parabiosis mouse model system
consists of conjoining old and young mice through their vascular system by
surgery. This allows for the exchange and distribution of blood-borne factors
between the two subjects. In this study, it was found that depending on the age,
the systemic environment can influence the neurogenic niche.

In the

experiment, the synaptic plasticity, contextual fear conditioning, and spatial
learning and memory from young mice was negatively affected when exposed to
an old systemic milieu or plasma. When looking at markers of inflammation, it
was determined that the expression of CCL11, a chemokine known as eotaxin,
was elevated in plasma from aged mice. Later, it was found that by increasing
the plasma level of CCL11 in young mice, adult neurogenesis was
downregulated along with decreases in cognitive functions as learning and
memory. Altogether, these data indicate that age-related factors in the systemic
environment might modulate neurogenic niches in the aging mammals (Villeda S
et al., 2011).
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It has been suggested that cognitive decline found during the process of
aging may also be linked to oxidative stress, microglia activation, and proinflammatory factors, which limit neuroplasticity. In terms of neurodegenerative
pathologies, these factors may be responsible for leading the transition between
mild cognitive declines of normal aging to a more severe learning and memory
dysfunction, which increases the risk of age-related neuropathology.
1.2.2 Oxidative stress and the process of aging:
The reason why the process of neurogenesis declines during physiological
aging is not clear, but many prospective explanations have arisen from numerous
in vitro and in vivo studies. For instance, Aging is associated with the free radical
theory, tumor suppressor genes, and dysregulation of inflammatory factors such
as elevation in pro-inflammatory cytokines (Ames and Shigenaga, 1992, Gemma
C et al., 2002, Mc Guire et al., 2001).
The free radical theory and oxidative stress, refers to oxidative damage to
lipids, proteins and DNA. Evidence shows that proteins and macromolecules
build up with time and they become major endogenous stressors to all type of
cells instigating premature aging and cell death. Many studies have proposed
that oxidative stress and the production of reactive oxygen species are a major
contributor to the aging process and to neurodegenerative pathologies such as
AD and PD (Ames et al., 1993; Ames and Shigenaga, 1992; Harman 1956). It
has been shown that by over expressing superoxide dismutase (SOD) in
drosophila, life-span can be extended, and the amount of oxidative stress
damage reduced (Orr and Sohal, 1994). Postmortem PD human brain analysis
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shows free iron, low levels of glutathione, altered expression of antioxidant
enzymes, high levels of lipid peroxidation as well as mitochondrial malfunction
(Mc Guire et al., 2001).
Hematopoietic stem cells (HSCs) have the capacity of self renewal to
preserve blood cell homeostasis during the life span of mammals. A study on
hematopoietic stem cells has shown that the increased production of reactive
oxygen species (ROS) decreases the proliferative capacity and life span of HSCs
through activation of p38 mitogen activated protein kinase (MAPK). P38 MAPK
gets activated by cellular stressors such as ROS and endogenous cytokines (Lee
Han J., et al 1994). Lee et al, using a high ROS mouse model, demonstrated
that p38 phosphorylation/activation was increased along with decreased
maintenance of HSCs. Then, by inhibiting p38 MAPK or by infusing the mice
with anti-oxidant treatments, they were able to rescue the life span of HSCs.
Together, these findings show how increased production of ROS can decrease
HSC self renewal and proliferation capacity through the p38 pathway (Hirao Ito K
et al., 2006).
Although, the free radical theory has the support of many scientists, it is
still controversial whether it is a central mechanism for the process of aging.
Other theories have been proposed for the driving mechanism of aging such as
the mutated mitochondrial DNA theory of aging (Kujoth GC et al., 2005).
Mitochondria generate most of the adenosine trisphosphate (ATP) in cells; in
other words mitochondria are responsible for cell metabolism and they control
and modulate many important processes in tissues. Among the most important
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cellular processes of the mitochondria are the generation of ROS, control of
programmed cell death, and the oxidation of fatty acids. The hypothesis that
mutations of the mitochondrial DNA play a role in the process of oxidative stress
and induce aging has been proposed, but a clear conclusion cannot be drawn.
In a study using young D257A mice, containing mitochondrial DNA mutations,
the aging mechanism was examined. First of all, these mice presented
premature aging by 9 months of age, relative to the wild type control. By looking
at the molecular level, there was not increased expression of oxidative stress, or
cellular proliferation. However, accumulation of mutations on mitochondrial DNA
coincided with an increase in apoptotic markers. This study concluded that
mitochondrial DNA mutations are responsible for the increase of apoptosis and it
might be responsible for mammalian aging and decrease life span (Kujoth GC.,
et al 2005)
Studies supporting the free radical theory, have demonstrated that diets
rich in antioxidant properties show improvements in cognitive function, which
correlate with reverse neuronal deficits. Fruits and vegetables are high in
antioxidant properties and several studies support the idea that these properties
may decrease cell death occurring in the process of aging or in age-related
disorders (Shukitt-Hale B. et al., 2005, Ramassamy C et al., 2006, Gemma C et
al., 2002). Studies show that supplementation of diets with generous portions of
vegetables and fruits can be neuroprotective and this can be measured by
behavioral performance in rat models. Using the incline screen test, and adding
fruit extract from blueberry, blackcurrant and cranberry to the regular diet, a study
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proposed to characterized their antioxidant properties in terms of balance, motor
functioning and neuroprotection of 19 month old rats. It was found that cranberry
and blackcurrant enriched diets ameliorated the transduction of signals from
dopamine neurons, and blueberry and cranberry enriched diets served to
increase muscle tone and neuro-protectors, increasing heat shock protein 70
(HSP 70) levels in the hippocampus (Shukitt-Hale B. et al., 2005). Different
studies have proven the anti-inflammatory effects of anti-oxidants
supplementation. In a study by Gemma C et al, the influence of foods with antioxidant activity was evaluated on cerebellar beta adrenergic receptors and proinflammatory cytokines such as tumor necrosis factor alpha (TNF-α). The study
compared different foods such as apple, spirulina (blue-green algae) and
cucumber. Young (4 months old) and old rats (18 months old) were fed with
either of the foods and compared to the control NIH-31 diet. The study
concluded that the oxidative damage found in older rats was decreased in rats
fed with apples and spirulina. These diets also significantly rescued the function
of the adrenergic receptor in the old rats as well as downregulating the mRNA
expression of TNF-α (Gemma C et al., 2002). Although, compelling data exists,
and many have proposed to use these diets in neurodegenerative diseases,
more research has to be done in order to elucidate the mechanism of action of
these anti-oxidant molecules to provide a better therapeutic approach in agingrelated pathologies.
As mentioned above, aging is a multi-mechanistic process that makes
mammals more vulnerable to changes in metabolism (ROS), inflammation (pro20

inflammatory cytokines) that causes an imbalance of the homeostasis in the
brain and periphery. Proteins from the so-called tumor suppressor genes or
oncogenes instigate apoptosis when DNA damage cannot be repaired and
repress the direction of the cell cycle and thus inhibit or delay cell proliferation. In
other words these proteins monitor and prevent the proliferation of carcinogenic
cells (Sherr CJ et al., 2004) . Tumor suppressors genes such as p53, p21 and
p16ink4/arf are upregulated during the process of aging in order to decrease the
mitogenic capacity of stem cells and progenitor cells (Lowe SW et al., 2003, elDeiry WS et al., 2009). Epigenetic research has focused its attention on cyclin
dependent kinase inhibitors (CDK inhibitors) such as P16INK4/arf during the
process of aging. This tumor suppressor has been found to increase three fold
during aging and it is responsible for CDK inhibition of the G1 phase of the cell
cycle. In other words, neural quiescence in adulthood is affected by these tumor
suppressor genes, simultaneously affecting tissue regeneration in organs
throughout the body including the brain (Legrier Me et al., 2001, Krishnamurthy J
et al., 2004). In aging there is a transient decrease of stem cell function and
some scientists have proposed that tumor suppressor genes are implicated in the
decreased functionality of the cells. In a hematopoietic study, p53 knockout mice
were characterized in terms of their HSC proliferative capacity and the ability of
their progenitor cells to undergo proliferation. They studied aged p53 knockout
mice and compared them with the wild type and p53 mutated mice. The p53
mutated mice depict signs of pre-mature aging such as cellular atrophy, low
number of HSCs, and reduced engraftment when HSCs were transplanted after
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irradiation. These results support the idea that the increase of tumor suppressor
genes during aging causes the transient decrease of stem cell regenerative
capacity (Dumble M et al., 2007).
The reason why this neurodegeneration begins during the process of
aging is not clear, however, these observations offer compelling data that
metabolic processes such as oxidative stress and mitochondrial DNA mutation
and increased expression of tumor suppressor genes are important factors that
may contribute to the neurodegeneration process (Harman et al 1956, Kujoth GC
et al., 2005, Gemma C et al., 2002, Ramassamy C et al., 2006).
1.2.3 Inflammation and aging
By focusing our attention on the inflammatory process and the CNS,
microglia, the macrophages of the brain, has a key role in the progression of
neurodegenerative diseases of many brain pathologies. It has been proposed
that over expression of microglial cells is associated with decreased NSCs during
aging, instigation of further deterioration of amyotrophic lateral sclerosis (ALS)
pathology, and with senile plaques in AD among other pathologies, but the
mechanism of action is yet to be elucidated (Rozemuller et al., 1989, Mizuno T.,
et al 2011, Seo-Hyun C et al., 2011). In a mouse model of ALS, an accumulation
of fully activated microglia was observed in areas of the brainstem and spinal
cord (McGeer and McGeer, 2002). Also, a different study using an ALS mouse
model (G39A) was conducted and an elevation of the expression of a subset of
macrophage-typical cytokines (monokines) such as interleukin (IL) 1alpha,
IL1beta and IL1RA was detected. On the contrary, T-cell derived cytokines
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(lymphokines) including IL2, IL3 and IL4 were not elevated in this G39A model.
This evidence suggests that microglial activation and hence production and
exacerbation of its pro-inflammatory cytokines may be instigating bulk changes in
protein oxidation and apoptosis meaning inflammation may be a main event for
degeneration of motor neurons (Hensley et al., 2002).
Microglial cells are the resident myeloid-lineage cells of the CNS. These
cells are macrophage-like cells responsible for the immune surveillance of the
CNS. When activated, macrophages and microglia produce a variety of cytotoxic
factors, among them the pro-inflammatory cytokines such as TNFα, IL-1, IL-6
and IL-12 (Gao et al., 2002, Seo-Hyun C et al., 2011, Mogi M et al., 1994). The
cytokine, TNF α is a pleiotropic protein, meaning it is able to cause multiple
effects from the same gene. It is present in the soluble form and membrane
bound form; it is related with inflammation, developmental processes and in
immune responses. TNF α is usually present at low basal level, yet TNF α levels
increases with CNS insults. Moreover, TNFα may increase if there is an up
regulation of the active transport system for TNF α into the brain at the blood
brain barrier (Chao and Hempstead, 1995; Greene and Kaplan, 1995). Microglial
cells communicate with the cells in their environment though surface receptors
that activate and even amplify the innate immune response in the CNS.
Microglia cells constitutively express complement receptors, cytokine receptors,
chemokine receptors, including the fractalkine protein receptor (CX3CR1),
membrane bound glycoprotein receptor CD200R, and major histocompatibility
complex class II (MHC ll) (Aloisi F, 2001, Harrison et al., 1998, Lyons A. et al.,
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2007). For instance, fractalkine is a protein from a signaling protein family called
chemokines and it is constitutively highly expressed principally in neurons
throughout the CNS of humans and rodents and its receptor is localized
principally on microglial cells. Fractalkine signals to microglia have been shown
to inhibit microglia activity under inflammatory conditions (Harrison et al., 1998;
Ransohoff et al., 2007). When an inflammatory insult to neurons occurs, there is
an increase of soluble fractalkine in the extracellular fluid of the brain. This
increase is due to the inducible proteolysis of the membrane bound fractalkine
and it does not correspond with increases in fractalkine mRNA. It is believed that
the proteolysis is mediated by ADAM 17 (Ransohoff RM et al., 2007). The
fractalkine receptor CX3CR1 is expressed by many different cells of the immune
system such as monocytes, T-cells, NK, NK-T cells in the blood and by some
dendritic cells and by the resident macrophages of the brain the microglia. The
fractalkine receptor CX3CR1 is essential to suppress microglial neurotoxicity(
Seo-Hyun C et al., 2011). As mentioned above fractalkine communicates with its
environment through the fractalkine receptor (CX3CR1). In an AD study, it was
found that the ligand-receptor communication was disrupted. The study looked
at the levels of CX3CR1 in AD brains from mice, and it was found that the
receptor is down-regulated in vitro by infusing the cells with amyloid beta (Aβ).
Blocking CX3CR1 in human amyloid precursor protein (hAPP) mice, caused an
exacerbation of Tau pathology, increased DG cell death and increased proinflammatory cytokine such as TNF-α, and IL-6. In terms of functionality, hAPP
mice with CX3CR1 blocked, showed further impaired memory in novel object
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recognition test. The authors emphasized, that the Aβ pathology did not
contribute to the worse neurotoxicity. They stated that these findings correlated
more to the toxic effect of increases in pro-inflammatory factors caused by
blocking the CX3CR1 and thus, interruption of microglial-neuron communication
(Seo-Hyun C et al., 2011).
As shown above, there are many studies that support the hypothesis in
which the communication/signaling between the neurons and its environment are
essential to maintain stable and constant condition necessary for a healthy CNS.
Thus, when this ability of the CNS to maintain a balance homeostasis is
perturbed, migroglia rapidly accumulate at the area of injury and express high
amounts of neurotrophic factors such as BDNF. In the case of dopaminergic
neuron injury, it has being shown that BDNF will cause the sprouting of
dopaminergic fibers into the area of injury. Microglial cells can produce and
secrete protective immune response factors transiently such as inflammatory
factors and neurotrophic factors when induced (Batchelor PE, 1999). However,
extreme and uninhibited microglia activation can be detrimental to the CNS
microenvironment. Studies have shown that microglia activation is partially
regulated by the interaction with other cells. In the CNS, microglial cells interact
with neurons through different membrane bound proteins such as fractalkine
protein, and the membrane glycoprotein CD200 (Harrison et al., 1998; Ransohoff
et al., 2007, Lyons A et al., 2007).
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The adaptive immune cells, especially T cells, is also affected by the
process of aging. It has been proposed that T cells more than B cells are major
players in the functioning of the brain, and their age-related decrease and
dysfunction can influence cognitive function. (Kipnis et al., 2004, Cao et al., 2009,
Wolf et al., 2009, Derecki et al., 2010). Naïve T cells are lymphocytes that
mature in the thymus. Initially, these cells are derived from the bone marrow and
later migrate to the thymus as naïve cells to mature and differentiate to memory
T cells. These cells express different proteins in their surface and these proteins
confer a function to T cells. T cells can express a variety of proteins; among the
most study are the CD8+ T cells, and CD4+ T cells. T cells expressing the CD4
protein are activated when they interact with the antigens presented by major
histocompatibility complex class II or MHC II, on the surface of antigen
presenting cells such as macrophages, dendritic cells, and B cells. Once
activated, they proliferate to form memory from that antigen, help with the
maturation of B cells and produce cytotoxic factor to eliminate the antigen
(Gutcher I & Becher B., 2007).

T cells are greatly affected by the process of

aging due to the involution of the thymus with age. In humans the thymus
completely disappear by the age of 60, meaning that there is a dramatic
decrease if naïve T cells in the circulation, leaving the cell mediated immunity
with memory T cells. Studies have shown that further T cells dysfunction such
as decrease in proliferative capacity of memory cells is a hallmark during the
process of aging (Grubeck-Loebenstein B et al., 1997)
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Moreover, studies have looked at the association of decrease functionality
of the adaptive immune system with cognitive function during aging in order to
find a link that might elucidate the mechanism of action of many neurological
disorders such as neurodegenerative diseases, chemo-brain, schizophrenia, and
AD. In a study in where kainic acid (KA) was use to cause excitotoxicity on the
hippocampus, B cells and T cells were studied to determine how they contribute
to the lesion. C57BL/6 mice deficient in T cell expression of either CD4, or CD8
were used. It was found that after the administration of KA, CD4- deficient mice
showed a more severe lesion with a 100% early mortality in compared with CD8and control wild type. These results suggested that the lack of the CD4 T cells
which disrupt communication with MHC II antigen presenting cells greatly
increased the susceptibility to brain damage (Chen Z et al., 2004). Other studies
have used T cells deprived mice and have suggest that peripheral T cell
deficiency can cause cognitive and behavioral impairments ( Kipnis et al., 2004,
Wolf et al., 2009).
In an adult neurogenesis study, it was demonstrated that there is a link
between neuroimmunological mechanisms that affect adult neurogenesis. It has
been shown that balance immune system is indispensable to achieve balance
homeostasis that might regulate the process of cell proliferation and adult
neurogenesis. It was demonstrated that systemic depletion of CD4+T cells
greatly decrease hippocampal neurogenesis and negatively affect spatial
navigation during Morris water maze task. This study also looked at the effect of
CD8+T cell depletion and B cell depletion and they have no effect on
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neurogenesis. In order to elucidate if the negative effect of CD4+T cell depletion
can be reversed, transgenic mice were infused with CD4 T cells and there was
an increase of cell proliferation and increase of brain derive neurotrophic factor
(BDNF) in the hippocampus ( Wolf et al., 2009). All these studies support the
idea that during aging, the innate immune system affects and may directly or
indirectly influences synaptic plasticity though an imbalanced homeostasis of the
CNS.
In sum, the process of aging is one of the factors that dysregulates neural
cell proliferation and neural differentiation processes in the CNS and may be an
underlying factor relating to cognitive decline. One of the hallmarks of aging is
the association with neuroinflammatory changes and the progression of
neurodegenerative diseases may be caused by increased oxidative stress, over
expression of activated microglia, and increases of pro-inflammatory cytokines.
Studies have shown that cognition decreases as we age even in the absence of
neurodegenerative diseases. Also, it has been shown that these negative factors
that dysregulate homeostatic mechanism may lead the transition between mild
cognitive declines of normal aging to learning and memory dysfunction, memory
loss, or increased the risk and increase the progression of age-related
neurodegenerative diseases, such as, ALS, Parkinson’s disease and Alzheimer’s
disease (Encinas JM et al., 2011, Seo-Hyun C et al., 2011, Mogi M et al., 1994)
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CHAPTER 2

MATERIAL AND METHODS

2.1 Animals
Experimental procedures were approved by the Institutional Animal Care
and Use Committee (IACUC). Fischer 344 rats, 3 months of age, and 20 month
of age were obtained from Harlan to be used in scientific experiments. All
animals were housed under normal conditions (20_°C, relative humidity of 50_%,
and a 12-hour light/dark cycle) and provided a normal NIH-31 diet. All studies
were performed by personnel blinded to the treatment condition. Animal number
was the minimum required for reliable statistical test results.

2.2 Surgical procedures
2.2.1 Eyeblink conditioning surgery procedures
Rats were anesthetized with isoflurane and placed in a stereotactic
instrument.

A double 10 mm long guide shaft made of 21 and 26 gauge

stainless-steel tubing (separated by 1mm) were inserted into the cerebellum.
The guide shaft was attached to the skull by jeweler screws and cemented with
dental acrylic. The coordinates AP-11.4, ML +2.4 and DV -1.7 in reference to
bregma was used to implant the guide cannulae for the microinjection into the
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cerebellar lobule HVI (simplex, and interpositus nucleus). In the same surgical
session rats were prepared for eyelid training by fixing a small ITT/Cannon
connector strip to their skull to hold gold pin connectors to EMG wires that are
run under the left eyelid. This method has been previously published by our lab
(Cartford et al. 2002).

Rats were allowed to recover for one week after the

surgery procedure before the eyeblink conditioning training coupled to
microdialysis began. Each animal was used for only one experimental condition.
All procedures were carried out in accordance with the institutional guidelines
(IACUC) and with USA National Institute of Health Guide for the Care and Use of
Laboratory Animals.

2.3 Sources of NT-020
The ingredients of NT-020 are blueberry, green tea, vitamin D3 and
carnosine and is a patented proprietary formulation available from
NaturaTherapeutics, Inc..

2.4 Treatments
2.4.1 Treatment with rrTNF-α
Young (3 month old) F344 rats were pretreated (via infusions into the
cerebellar cortex lobus simplex) with 2 uL (50ng) of rrTNF-α one day prior to
training and then daily 3 h prior to eyeblink conditioning coupled to microdialysis
for 5 consecutive training sessions with one session per day. The control group
received the same dose of denatured rrTNF-α (heated at 90 ° C for 15 minutes).
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2.4.2 Treatment with anti-rat TNF-α
In a second experiment aged (20 month old) F344 rats were pretreated
with intracerebellar microinjection of 2 uL of anti-rat TNF-α (30ng) three times a
week for 4 weeks prior to eyeblink conditioning training with microdialysis.
2.4.3 Oral treatment of NT-020 in rats
Aged rats were treated with 135.0 mg/kg a day of NT-020 oral gavage.
Young and aged control rats were treated with water by oral gavage. All groups
were treated for a period of 4 weeks.
2.4.4 NT-020 supplemented diet treatment
All groups were treated for a period of 4 weeks with either control NIH-31
diet or with 0.5% NT-020 plus BioVin® supplemented NIH-31 diet.
2.5 Behavioral Testing
2.5.1 Delay eyeblink classical conditioning (EBCC)
The rats were placed in the behavioral chamber and hooked to the
headstage cable for habituation purpose during 15 minutes for three days. The
training consisted of 50 trials each training trial consisted of a 250 ms baseline, a
400 ms CS period, and a 100 ms US period. The tone was 400 ms in duration
and overlapped the airpuff for 100 ms the training tone was 3 kHz, 80dB and the
airpuff 10 psi. Hardware and software used to train and analyze data were
manufactured by J. Tracy, J. Green and J. Steinmetz, (Bloomington, Indiana).
Eyelid EMG data was collected, amplified, rectified, and integrated. Learned
responses were determined using a 10 standard deviation criterion for eyelid
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amplitude elevated during the CS period when compared to the baseline. Alpha
responses to the tone are excluded from learned response analysis by using a
80 ms discrimination/exclusion window.

Learning was measured as the

percentage of learned (conditioned) responses (CR’s) made in each training
session.
2.5.2 Morris water maze
Morris water maze (MWM) was used to evaluate the effects of natural
compounds of NT-020 on spatial learning and memory by young and aged rats
after 3 weeks of treatment. The tank used was 1.5 m diameter, 10-cm-diameter
platform submerged 1 cm below the surface of water at 27°C. The performance
on the MWM was measured over 5 days of training, 4 trials per day. The
platform was placed in any of the 4 positions N, S, E, W. Every animal had an
assigned platform position, yet the starting site (dropping zone) was changed per
trial. Once animals found their escape platform, they were allowed to remained
on the platform for 30 sec between trials then transferred to a warm resting cage
for 30 seconds before the next trial. After the five days of acquisition of training
no probe trials were conducted. Using a computer tracking software (Noldus),
the cumulative search error was assessed. Cumulative search can be calculated
using the average distance to the target platform in meter and multiplied it by the
time to target. This type of measurement was chosen for our data since it mainly
reveals the age-related cognitive impairments while restricting bias due to
swimming capability. Spatial retention was assessed during the probe trial by
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comparing the time spent in target platform to adjacent non-target quadrants,
(Gallagher M., 1993)
2.5.3 Radial arm water maze
The behavioral testing was recorded using a computer tracking software
(Noldus). A 6 Arm Radial Arm Water Maze (RAWM) was the test of choice to
evaluate the effects of natural compounds of NT-020 on spatial learning and
memory by young and aged rats after 4 weeks of supplemented diet. A water
tank of approximately 150 cm-diameters was used along with a 40-cm-height,
10-cm-diametesr platform. The platform was submerged 1 cm below the surface
of water. The temperature of the water was kept at 27 °Celsius every day. Rats
were placed on the start arm at the beginning of every trial, and the platform was
located on the goal arm. The location of the platform remained constant per rat
throughout acquisition of training, the starting position changes in every trial. A
space-training protocol was followed in this type of spatial navigation task to
allowed rats to rest for 30 minutes. Rats were given 2 blocks of 4 trials each
block separated by 30 minutes rest period per day, for a total of 8 trials a day for
4 days of acquisition training. Trial were only 60 seconds long, once animals
found their goal platform, they were allowed to remain on the platform for 30 sec
between trials. If rats were unable to find their goal arm within 60 seconds, rats
were guided to their goal arm and allowed to rest on the platform for 30 sec. On
day 5, a probe trial was given one hour before reversal training started, placing
the rat 180° from the goal arm. Rats were giving 4 trials to train for the new
position (reversal training). Two hours from the last reversal training trial, a
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probe trial for the new location was given. RAMW performance analysis was
done by counting the number of error per trial (errors are given every time rats
are not entering the goal arm).
2.6 Immunohistochemistry
2.6.1 Tissue processing
About 0.5 ml of Nembutal was injected Intraperitoneal (ip) into old and
young rats. Initially, rats were perfused for about 10 seconds with 0.9% of NaCl
solution in deionized water (saline solution) followed by 10 seconds of 1mM
phosphate buffer solution (PBS) with 4% paraformaldehyde using perfusion
pumps. Rats were decapitaded immediately, and the brains kept at 4ºC in 4%
paraformaldehyde/PBS overnight. The following day, brains were transferred
into 30% sucrose solution of 4% paraformaldehyde/PBS and stored in 4ºC.
Using a cryostat machine, brains were sliced laterally at 40µm thick, and stored
free floating in cryo-protectant in 24 well plates.
2.6.2 Immature neuronal marker doublecortin (DCX), mitotic marker
KI67, and MHC class II marker OX6 immunostaining
Staining for DCX, Ki67 and OX6 was carried out on every sixth section
throughout the entire hippocampus or subventricular zone. 24 free-floating
sagital sections (40µm) were incubated in 0.3% H2O2 solution followed by 1hour incubation in blocking solution (0.1M PBS supplemented with 3% normal
goat serum and 0.2% Triton X-100). Sections were then incubated overnight
with Ki67 (1:400; nocastra), DCX (1:200; Santa Cruz) and OX6 (1:750 MHC
Class II; BD) antibody markers in PBS supplemented with 3% normal goat serum
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and 0.1% Triton X-100. Sections were then washed and biotinylated secondary
antibody (1:200; Vector Laboratories, Burlingame, CA) in PBS supplemented
with 3% normal goat serum and 0.1% Triton X-100 was applied for 1 hour. Next,
the sections were incubated for 60 minutes in avidin-biotin substrate (ABC kit,
Vector Laboratories, Burlingame, CA). All sections were then incubated for 1
minute in DAB solution (Vector Laboratories). Sections were then mounted onto
glass slides and cover slipped with mounting medium.

2.7 Stereology
KI67, DCX and OX6 positive cells were examined with a Nikon Eclipse
600 microscope and quantified using Stereo Investigator software, Version 8
MicroBrightField, Colchester, VT). Cells were counted within the Granule Cell
Layer using the optical fractionator method of unbiased stereological cell
counting techniques21. The sampling was optimized to count at least 200 cells
per animal with error coefficients less than 0.07. Each counting frame (125 x 125
μm for OX6, and Ki67, 175X125 μm for DCX ) was placed at an intersection of
the lines forming a virtual grid (125 x 125 μm), which was randomly generated
and placed by the software within the outlined structure. Cell proliferation was
examined at the subventricular zone (SVZ). The sampling was optimized to
count at least 200 cells per animal with error coefficients less than 0.07. Each
counting frame was set at (75 X 75 μm) and a virtual grid size at (125X125 μm),
generating random sampling of the SVZ.
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2.8 Western Blot:
Protein lysates from tissue were prepared in lysis buffer containing 1X
RIPA Buffer from Millipore 10X cat# 20-188, nanopure water, 1mM PMSF, 1
aliquot of cocktail protease inhibitor per 10mls of solution and 5mM EDTA
(thermo scientific cat# 78442). 50µg of proteins were resolved on 4-15% precast
polyacrylamide gel by electrophoresis at 200 Volts for 20 minutes. Using
nitrocellulose membranes, the proteins were transferred (blotted) at 100 Volts for
30minutes. Nitrocellulose membrane were blocked by incubating in 10 milliliters
(mls) of 1mM Tris Buffer Solution (TBS), plus 5% non-fat dried mild (NFDM) for 1
hour. The blots were incubated other night with primary antibody 4°C with gentle
shaking. The following primary antibodies were used anti-rabbit GAPDH
(1:20,000; Sigma Aldrich cat# 9545), anti mouse β-actin (1:3,000; Aldrich cat#
A5441), anti-mouse CD200 and CD200R (1:1,000; Abcam cat# ab22353 and
ab34097), anti mouse CD4 and CD8a (1:2,000; eBioscience cat# 14-20040-81
and cat# 14-0084-82), anti rabbit CCR2 (1:1,000; Abcam cat# ab21667) and anti
rabbit CX3CR1(1:1,000; Abcam cat# ab7200) . The blots were washed three
times in 1mM TBS plus 0.1% of Tween-20 followed by 1 hour incubation with
fluorescent secondary antibody (goat anti-rabbit IRDYE 680LT 1:20,000, and
Goat anti-mouse IRDYE 800CW1:10,000). Protein detection and bands
densitometry quantification were done using the Odyssey ® Infrared Imaging
System.

36

2.9 Enzyme link immuno-sorbent Assay
Protein concentration of TNF-α and IL-1β were measured in tissue lysates
from hippocampus and cortex using enzyme-linked immunosorbent assay
(ELISA) from Raybiotech protein assay. About 100ul of 100 ug sample
concentration was added into appropriate wells, and incubated overnight at 4°C
with gentle shaking. The following day, the solution was discarded and the
plates were washed 4X with 1X WASH SOLUTION (Raybiotech). Plates were
incubated for 1 hour at room temperature with detection antibody and washed
4X. 100ul of HRP streptavidin solution was added to each well, incubated for
45mins at room temperature and washed 4X. 100ul of TMB (Raybiotech) was
added to each well and incubated for 30mins at room temp in the dark. About
50ul of stop solution (Raybiotech) was added. Absorbance was measured at
450nm immediately.

2.10 Statistical analysis:
Two way analysis of variance (two-way ANOVA) was used to compare the
effect of two variables (treatment and age) and (drug and day) over time. Also,
one way analysis of Variance (one-way ANOVA) was used for multiple mean
comparisons, followed by post hoc comparison using Bonferonni’s method to
compare all pair of columns. Post Hoc Analyses (Dunnett’s) were used to test for
Drug and Time effects. Percent Conditioned Response (CR %) was used as the
dependent measure. All levels were set at α 0.05 for all analyses.
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CHAPTER 3

ROLE OF TNF-α INDUCED INFLAMMATION IN DELAY EYEBLINK
CONDITIONING IN YOUNG AND AGED RATS.

3.1 Aging and Tumor necrosis factor alpha
Tumor necrosis factor alpha (TNF-α) is a multifunctional proinflamatory
cytokine, which is a critical inflammatory mediator involved in aging and
neurodegenerative diseases of aging. Previous work has shown that diets
enriched with antioxidants reduce levels of the cytokine TNF-α and improves
classical eyeblink conditioning performance. Therefore we tested the hypothesis
that the proinflamatory cytokine TNF- may be a critical factor that modulates
classical conditioning behavior. If increased levels of endogenous cerebellar
TNF- negatively affect performance on the eyeblink conditioning task in aged
rats, then exogenous administration of TNF- in young rats should result in an
impaired acquisition and/or retention of eyeblink conditioning memory. On the
other hand, the reduction or blockage of the age-related increase in cerebellar
TNF- levels in aged rats should result in an improvement in memory. Young (3
month old) F344 rats were pretreated with an intracerebellar injection of
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recombinant rat (rr)TNF-α or denatured (rr)TNF-α prior to eyeblink conditioning
coupled to microdialysis.
The results showed that young rats treated with rrTNF- have a
decreased rate of learning compared to the control group. Norepinephrine which
has been shown to play a critical role in cerebellar learning tasks [1] presented a
shift on training day one of young rats resembling that observed in aged rats. In a
second experiment aged (22 month old) F344 rats were pretreated with
intracerebellar microinjection of anti-rat TNF-α three times a week for 4 weeks
prior to eyeblink conditioning training couple to microdialysis. Aged rats showed
a better performance in the conditioned responses when compared to controls.
The release of norepinephrine in this group reached basal levels sooner than the
control group but not as early as the young rats. The results of these
experiments demonstrate a critical correlation between TNF-α and the rate of
learning and the pattern of NE release during eyeblink conditioning.

3.2 Norepinephrine and learning
Norepinephrine (NE) is released from the locus coeruleus (LC) to the
cerebellar cortex (among other brain areas) [2-4] and exerts a modulatory effect
on the action of other neurotransmitters in the cortex and deep nuclei of the
cerebellum [5]. This leads to amplification of the afferent inputs to the cerebellar
purkinje cells (PC) and is thought to occur through the action on β-noradrenergic
receptors [6,7]. Procedural learning has been widely associated with
39

noradrenergic innervations to the cerebellar cortex in rats [8-15]. Delay classical
conditioning is a well established cerebellar-dependent learning paradigm and is
modulated in part by NE [15,16]. When the β-adrenergic receptor antagonist,
propranolol is administered systemically or locally (cerebellum), acquisition of the
learned response on the delay classical conditioning in rats is impaired [10,17].
Furthermore, the administration of 6-hydroxydopamine depletes NE storage and
prevents animals from regaining proficiency on a motor learning task [12,18].
Aging-associated deficits on motor learning have been linked to dysfunction of
the noradrenergic system which is thought to be caused by the loss of
noradrenergic enhancement of the relative responsiveness of Purkinje neurons
to afferent inputs in aged animals [11,19,20].
Age-related pathologies are characterized by a pronounced imbalance in
immune functions like glial hyperactivity with altered antigen expression of
microglia in aged rodents [21,22]. Chronic inflammation is known as one of the
multiple age-related pathologies that involves the activity of several products,
including cytokines [23,24]. Cytokines are proteins that mediate the response of
the body’s defense system to injury and mediate diverse inflammatory
processes. The presence of altered levels of cytokines in the central nervous
system has been implicated in several aged-related and neurodegenerative
diseases [25,26]. Cytokines are secreted by activated microglia and can be
either pro-inflammatory cytokines, among them tumor necrosis factor alpha
(TNF-α), interleukin 1 beta (IL1-β), and anti-inflammatory cytokines such as
interleukin 10 (IL-10) and transforming growth factor beta 1 (TGF-1) [27,28].
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Pro-inflammatory cytokines are chronically increased in the aging brain [29].
TNF-α and TNF-β are significantly elevated in the cerebellum of aged rats and
diets rich in anti-oxidants reduced both TNF-α and TNF-β levels [30]. In addition,
feeding aged F344 rats a diet enriched in spinach improves cerebellar βadrenergic receptor function and improves motor learning that was associated
with a decrease in oxidized gluthathione and the pro-inflammatory cytokine TNFα [31].
The present study extended on previous findings to determine whether the
proinflamatory cytokine TNF- may be a critical factor that modulates classical
conditioning behavior during the aging process. In these experiments TNF was
administered to young rats and blocked in aged rats prior to eyeblink conditioning
coupled microdialysis. The results of these experiments demonstrate a critical
correlation between TNF-α, aging and modulation of NE release during delay
eyeblink conditioning learning.

3.3 Specific materials and methods
3.3.1 Animals and surgery
Male F344 rats 3 and 20 months old were used in this study. Room
temperature was kept at 72 °F and the dark/light circle was 12-h (light was on
from 7:00 AM to 7:00 PM). Animal number was the minimum required for reliable
statistical test results. Rats were anesthetized with isoflurane and placed in a
stereotactic instrument. A double 10 mm long guide shaft made of 21 and 26
gauge stainless-steel tubing (separated by 1mm) were inserted into the
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cerebellum. The guide shaft was attached to the skull by jeweler screws and
cemented with dental acrylic. The coordinates AP-11.4, ML +2.4 and DV -1.7 in
reference to bregma was used to implant the guide cannulae for the
microinjection into the cerebellar lobule HVI (simplex, and interpositus nucleus).
In the same surgical session rats were prepared for eyelid training by fixing a
small ITT/Cannon connector strip to their skull to hold gold pin connectors to
EMG wires that are run under the left eyelid. This method has been previously
published by our lab (Cartford et al. 2002). Rats were allowed to recover for one
week after the surgery procedure before the eyeblink conditioning training
coupled to microdialysis began. Each animal was used for only one
experimental condition. All procedures were carried out in accordance with the
institutional guidelines (IACUC) and with USA National Institute of Health Guide
for the Care and Use of Laboratory Animals.
3.3.2 Treatment with rrTNF-α and anti-rat TNF-α
On completion of surgery young and aged rats were randomly assigned to
different treatment groups. Young (3 month old) F344 rats were pretreated (via
infusions into the cerebellar cortex lobus simplex) with 2 uL (50ng) of rrTNF-α
one day prior to training and then daily 3 h prior to eyeblink conditioning coupled
to microdialysis for 5 consecutive training sessions with one session per day.
The control group received the same dose of denatured rrTNF-α (heated at 90 °
C for 15 minutes). In a second experiment aged (20 month old) F344 rats were
pretreated with intracerebellar microinjection of 2 uL of anti-rat TNF-α (30ng)
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three times a week for 4 weeks prior to eyeblink conditioning training with
microdialysis.
3.3.3 Training of behavior in a delay classical eyeblink conditioning
task
The rats were placed in the behavioral chamber and hooked to the
headstage cable for habituation purpose during 15 minutes for three days. The
training consisted of 50 trials each training trial consisted of a 250 ms baseline, a
400 ms CS period, and a 100 ms US period. The tone was 400 ms in duration
and overlapped the air puff for 100 ms the training tone was 3 kHz, 80dB and the
air puff 10 psi. Hardware and software used to train and analyze data were
manufactured by J. Tracy, J. Green and J. Steinmetz, (Bloomington, Indiana).
Eyelid EMG data was collected, amplified, rectified, and integrated. Learned
responses were determined using a 10 standard deviation criterion for eyelid
amplitude elevated during the CS period when compared to the baseline. Alpha
responses to the tone are excluded from learned response analysis by using a
80 ms discrimination/exclusion window. Learning was measured as the
percentage of learned (conditioned) responses (CR’s) made in each training
session.
3.3.4 Design and analysis
To analyze behavior for the eyeblink conditioning task, separate two-way
mixed model analyses of variance were used to analyze Drug and Day effects
([Drug (2): (YOUNG: Control, rrTNF-α) or (AGED: IgG, Anti-TNF-α)] × [Day (5):
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1-5]). For the analyses of NE release separate two-way mixed model analyses of
variance were used to analyze Drug and Time effects ([Drug (2): (YOUNG:
Control, rrTNF-α) or (AGED: IgG, Anti-TNF-α)] × [Time (18): -30 to 140 minutes]).
Post Hoc Analyses (Dunnett’s) were used to test for Drug and Time effects.
Comparisons were determined significant at the 0.05 alpha level. Percent
Conditioned Response (CR %) was used as the dependent measure.

3.4 Results
3.4.1 Young rats
In figure 3.1A it is shown that infusions of rrTNF-α (50ng) into the
interpositus nucleus 24 and 3 hours before each day of training blocked learning
on the classical eyeblink conditioning task (shown as percentage of conditioned
response (% CR)) in young rats (significant drug x day interaction [F(4,40) = 5.8,
p<0.05]). Rats which received control infusions (denatured rrTNF-α) showed
progressive learning (increases in % CR) over 5 days. On day 1 % CR was
significantly less than days 3, 4 and 5. Also on day 3 % CR was significantly less
than days 4 and 5. Rats given rrTNF-α infusions did not show a significant
improvement in % CR over 5 days. These data suggest that rrTNF-α injected
into the cerebellum of young rats significantly impairs the rats ability to learn the
eyeblink conditioning task.
The time course of NE release in young rats during classical eyeblink
conditioning is shown in figure 3.1B (significant drug x time interaction [F(17,153)
= 3.0, p<0.05]). Microdialysis was performed on day 1 of eyeblink conditioning
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and started 30 minutes before training and continued for 140 minutes once
training started. Samples were collected every 10 minutes. NE release
significantly increased above baseline levels for 60 minutes after training began
in both control and rrTNF-α, suggesting that NE plays a critical role during the
acquisition of learning. NE release reached baseline levels 70 minutes after the
beginning of training. Infusion of rrTNF-α into the interpostius nucleus
significantly decrease the release of NE during the 20 minutes of training and 10
minutes following training (p<.05). These data show that TNF-α attenuates NE
release in the cerebellum of young rats.
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Figure 3.1 Effects of TNF-α in young rats. Performance on eyeblink conditioning task
(A) and the time course of NE release (B) in young F344 rats. A) Rats which received
control infusions (rrTNF-α heated) showed progressive learning (increases in %CR) over
5 days. Whereas, rats given rrTNF-α infusions did not show significant improvement in
%CR over days, B) Microdialysis was performed in young rats and the time course of NE
was recorded during eyeblink conditioning. To obtain basal level of NE, microdialysates
were collected for 30 minutes before training (baseline) and continued for 140 minutes
from the beginning of training (time points 0-20). NE release significantly increased
above baseline levels during training in both control and rrTNF-α, reaching baseline
levels 70 minutes after training began. However, infusions of rrTNF-α into the
interpositus nucleus significantly lowered NE levels at time points 10-30 minutes
(indicated by *) compared to controls.
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3.4.2 Aged rats:
Figure 3.2A shows learning (shown as increases in % CR over days) in
aged rats which received infusions of IgG (control) or Anti-TNF-α into the
interpositus nucleus {significant drug x day interaction [F(4,40) = 3.6, p<0.05]}.
Anti-rat TNF-α was infused (30 ng in 2µl, during 5 minutes) three times a week
for 4 weeks prior to eyeblink conditioning. Both groups demonstrate progressive
learning (increases in %CR) over days. The percentage of conditioned
responses was significantly lower on day 1 than days 2 - 5. Rats injected with
anti-TNF-α performed significantly better (higher %CR) on days 4 and 5
compared to controls. These data suggest that the blockage of TNF-α in aged
rats can improve learning on the eyeblink conditioning task.
The time course of NE release in aged rats which received infusions of
IgG (control) or anti-TNF-α into the interpositus nucleus is shown in Figure 3.2B
{significant drug x time interaction [F(17,136) = 1.8, p<0.05]}. NE release was
significantly elevated in both conditions compared to baseline NE levels. Chronic
anti-rat TNF-α infusion resulted in significant increases above baseline NE levels
when comparing the total release over the first 50 minutes (see figure 3.2B). The
insert to figure 3.2B shows the area under the curve (AUC) for NE release from
time point 0 to 50 minutes from the beginning of training, this is significantly
higher in the treated rats compared with control. A second aspect of comparison
was a change in the time course of NE release. In a previous study [1] we
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demonstrated that in aged rats not only was there a decrease in total amplitude
of NE release during learning, but there is a delay in the peak of NE release.
Note that in the anti-TNF-α group NE release begins to increase over baseline
sooner and reaches maximum amplitude sooner than the IgG group.
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Figure 3.2 Effects of the blockade of TNF- in aged rats. Performance on eyeblink
conditioning task (A) and the time course of NE release (B) in 22 month old F344 rats.
A) Progressive learning over days (shown as increases in % CR) was shown in both IgG
and anti-TNF- injected aged rats. B) Shows the time course of NE release in aged
rats which received infusions of IgG (control) or Anti-TNF- into the interpositus nucleus.
Insert shows the quantification of NE release during the first 50 minutes of release by
measuring the AUC for NE release from time points 0-50 minutes and this is significantly
higher in the treated rats versus IgG controls. Note that in the anti-rat TNF-α group NE
release appeared to rise above baseline sooner and reach a peak earlier than the IgG
group indicating that the timing of NE release was more similar to the young rats in the
treated group.
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3.5 Discussion
The main goal of this study was to evaluate whether the proinflamatory
cytokine TNF-, which is found to be increased with aging, is to some degree
responsible for the decline on memory formation capabilities. In order to
evaluate this hypothesis we did unilateral infusions of rrTNF-α through the deep
nuclei and cortex in rat cerebellum and have found that the administration of
rrTNF- in young rats, prior to the training sessions of delay eyeblink conditioning
significantly interferes with acquisition of CR’s also affecting the pattern of NE
release. On the other hand, when aged rats were treated with anti-TNF-
improvements in the acquisition of CR’s where observed demonstrating that they
were capable of learning faster than controls. The results show that
pharmacological intervention targeting high levels of TNF-α present in the
cerebellum of aged animals leads to an improvement in learning capabilities.
Thus, suggesting that the activity of TNF-α in some ways affects the processing
of information to the cerebellum and hence interferes with the acquisition of CR’s.
These results support the theory that cerebellar physiology is to some
degree vulnerable to the presence of high levels of TNF-α which is evident since
the local administration of recombinant TNF-α in young rats disrupts normal
acquisition of CR’s. The experimental design used with the young rats parallels
an acute insult occurring just 5 minutes before the animals undergo eyeblink
conditioning training. Others work discuss how there is a post-training timeline
which is a process by which memory consolidation happens and pharmacological
or molecular interventions during the consolidation process can interfere with the
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dynamics of memory consolidation [32-36]. However we must take into
consideration the fact that the pattern of NE release was shifted during learning
indicating that increased levels of TNF-α interfere with this signal which has been
shown to be important for memory consolidation [1]. This may well alter the
signal to noise ratio essential to trigger a meaningful signal on the cerebellar
purkinje cells necessary to promote memory formation.
3.5.1 TNF-α in young rats
In our experimental design where young animals were pre-treated 3 hours
before training sessions it is possible that the presence of TNF- impacts the
cerebellar region through the action on its receptors. TNF-α has two subtypes of
receptors which have a broad spectrum of effects and have been reported to
exist in areas such as cortex, brainstem, cerebellum and basal ganglia among
other brain areas [37]. Cytokines, specifically recombinant human TNF-α has
been reported to induce concentration-dependent and reversible alterations in
the electrophysiological properties of axons in mammalian spinal cord [38]. This
study provides evidence that elevated concentrations of TNF-α induce reversible
depolarization of the compound membrane potential (CAP) and reduction in CAP
amplitude, sometimes to the point of extinction of the CAP, suggestive of
impaired axonal conduction. Based on this report, it is plausible that local
administration of TNF-α into the cerebellum might have impaired axonal
conduction in a critical time in which the rats were receiving the eyeblink
conditioning training and even for a critical period of time (post training session)
for memory consolidation, in which case the depletion on the CR’s acquisition
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occurred. Proinflammatory cytokines, specifically TNF-α have been reported to
induce, through the classical I kappa B degradation pathway, a repression in
excitatory amino acid transporter two (EAAT2) on astrocytes and increases the
expression of AMPA receptors on synapses, which leads to elevated
extracellular glutamate concentrations and in consequence facilitates the risk of
glutamatergic neuronal toxicity [39].
In such case, glutamatergic neurotoxicity due possible excessive
glutamate activation might be involved in the depletion of CR’s acquisition
observed when the rats received a direct injection of TNF-α directly into the
cerebellum. Given the previous facts it is very likely that the effect observed with
TNF-α in young rats is due to an impairment on memory consolidation, in this
case more experiments would have to be conducted to test this hypothesis,
which can be assessed by administering the TNF-α at critical times after the
training sessions of eyeblink conditioning. Another possible cause could be over
saturation of signal input through the climbing and mossy fibers due to the
glutamatergic overdrive and perhaps affecting the appropriate signal to noise
ratio required to trigger a significant signal on the PC necessary to lead memory
formation. One further caveat to consider with the administration of any proinflammatory cytokine is the possible effect of sickness behavior as this has in
some cases been associated with cytokines crossing the blood brain barrier and
disrupting learning [40-42]. This is especially true when LPS or some other toxin
is given peripherally to the whole animal. However, there is evidence that effects
of IL1β to disrupt learning are independent of peripheral effects on cortisol and
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other markers [43] suggesting that there are direct effects of cytokines on
memory consolidation. As this study administered the cytokines directly into the
cerebellum it is likely that the effects are limited to the cerebellum.
3.5.2 Anti-TNF-α in aged rats
All the possible mechanisms stated to explain the effect of TNF-α in young
rats also apply to aged rats. For aged rats we must consider that chronic
exposure to high levels of TNF-α are reported in aged rats [30], which changes
the scenario compared to young rats. Interestingly we observed a behavioral
improvement regarding the CR’s acquisition in aged rats by training day four and
five showing that pretreatment with the antibody anti-TNF-α has reversed the
cognitive impairment normally seemed in aged rats. This idea is supported by
our previous finding in which aged rats during eyeblink conditioning training
showed long lasting increases in extracellular glutamate compared to young rats
[1]. This could be partially due to the effect of TNF-α in the glutamate transporter
system leading to a prolonged time for clearance of glutamate from the
extracellular space.
Another possible mechanism by which treatment with anti-TNF-α is acting
could due to an improvement on the impaired axonal conduction, since it has
been reported that TNF-α alter the electrophysiological properties of axons in
mammalian spinal cord [38]. Based on our results we can appreciate that NE
release during training on eyeblink conditioning shifts (to an earlier release
pattern) as a result of anti-TNF-α treatment. This pattern of NE release peaks
earlier and returns to baseline sooner, showing an improvement compared to the
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control group (see fig 2B). In addition, CR’s improve on days 4 and 5 after
treatment with anti-TNF-α supporting the idea of reversing the age related
impairment, which could be due to an improvement in the axonal conduction as
well as better re-uptake for extracellular glutamate by the glutamate transporter
system. In addition to the finding presents in the current report there is still more
to be done to understand the mechanisms by which treatment with anti- TNF-α is
improving learning which we have demonstrated in this research.
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CHAPTER 4

NT-020, A NATURAL THERAPEUTIC APPROACH TO OPTIMIZE SPATIAL
MEMORY PERFORMANCE AND INCREASE NEURAL PROGENITOR CELL
PROLIFERATION AND DECREASE INFLAMMATION IN THE AGED RAT.

4.1 NT-020 effects in learning and memory and neurogenesis
The process of aging is linked to oxidative stress, microglial activation,
and pro-inflammatory factors, which are known to decrease cell proliferation and
limit neuroplasticity. These factors may lead the transition from normal aging to
more severe cognitive dysfunction associated with neurodegenerative diseases.
We have shown that natural compounds such as polyphenols from blueberry,
and green tea, and amino acids like carnosine are high in antioxidant and antiinflammatory activity that decreases the damaging effects of reactive oxygen
species (ROS), in the blood, brain, and other tissues of the body. Furthermore,
we have shown that the combination of these nutrients (called NT-020) creates a
synergistic effect that promotes the proliferation of stem cells in vitro and in vivo.
In the current study we examined the effects of NT-020 on neurogenesis and
performance on a Morris water maze. Aged (20 month old) male Fischer 344
rats were treated with 135.0 mg/kg per day (n = 13) of NT-020. Young (3 month
59

old) (n = 10) Aged (20 month old) (n = 13) control male Fischer 344 rats were
treated with water by oral gavage. All groups were treated for a period of 4
weeks. Young rats and the 2 treatment groups were compared using scatter plot
analysis of day 5 of the MWM. This analysis showed that there is a significantly
lower distribution of rats as animals impaired (AI) in the treatment group and the
means of the lowest performing 40% of animals is significantly different. Using
the cell cycle-regulating protein (Ki67), doublecortin (DCX) and OX6 antibody
markers, cell proliferation, neurogenesis and microglial activation were estimated
in the dentate gyrus (DG) of young and aged animals. Cell proliferation was also
examined in the subventricular zone (SVZ). Decreased number of OX6 MHC II
positive cells, increased neurogenesis, and increased number of proliferating
cells were found in rats treated with NT-020 in comparison with aged control rats.
In sum, NT-020 may promote health, proliferation and maintenance of neurons in
the age animals and exert anti-inflammatory actions which promote function in
the aged stem cell niche.
4.1.2 Process of aging
The normal aging process is associated with changes in the physiology
and neuroplasticity of the brain as well as cognitive impairments that vary in
severity from mild to severe. Aging is also associated with an increase in
oxidative stress, pro-inflammatory cytokines and microglia activation. All these
events seen in normal aging make the process of aging one of the biggest risk
factors in the majority of neurodegenerative diseases 1. However, researchers
are investigating these neurophysiologic events and how they may lay the
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ground for the transition between normal cognitive decline and the risk for
developing neurodegenerative diseases such as stroke, Parkinsons’ disease,
dementias and Alzheimer’s disease 2. For instance, increased inflammatory
cytokines and complement proteins produced by endogenous glial cell such as
microglia and astrocytes have been identified in the Alzheimer’s pathology as
well as other neurodegenerative diseases such as Parkinson’s disease.
It is not known exactly how age-related cognitive declines correlate with
the effects of increased oxidation and increased inflammation, yet, in the last
decade, nutritional supplementation has been shown to decrease the age-related
reactive oxygen species (ROS) production and to increase synaptic plasticity and
learning and memory. 3-8. Neurogenesis is one form of synaptic plasticity and
occurs throughout the lifespan and occurs primarily in stem cells niches. There
are two main stem cell niches in the brain namely, the subventricular zone (SVZ),
and the subgranular zone (SGZ) of the hippocampus. The de novo production of
new neurons into the hippocampus, has been shown to be important for some
forms of learning 9. While numerous studies have shown that neurogenesis is
physiologically relevant for cognitive function, the relationship is complex (For
review see: 10, 11). Nonetheless, neurogenesis is clearly linked to plasticity and
repair mechanisms 12 and alterations in neurogenesis have been also been
attributed to some affective disorders

13

. Second, it has been increasingly

suggested that aging may be a stem cell disease as a major aspect of aging is a
decline in the proliferation of stem cells niches throughout the body and including
the brain 14, 15.
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That cellular senescence occurs with age has been known since the
1960s 16, but the importance of the cellular senescence within the aged stem cell
niche has only recently become an area of active interest. A clear example of the
importance of the extrinsic or systemic influence on the stem cell niche was
demonstrated in the stem cells that are found in the muscle, called satellite cells.
Like the neural stem cells, the satellite cells in the muscle lose the potential to
regenerate damaged tissue with age. In an elegant experiment, when aged rats
were exposed to the systemic environment of a young rat by parabiosis the
satellite cells were rejuvenated in the aged rats as demonstrated by an increase
in the proliferation rate . Conversely, in young rats the exposure to the circulation
of the aged rats caused a decrease in the regenerative potential of the satellite
cells 17, again supportive of an extrinsic/circulating factor that is influencing the
proliferation of the stem cells in the aged animals. It is not clear whether the
mechanism involved in the effect in the muscle would hold true in the brain, but
the implication is that the aged environment is detrimental to stem cell function.
When embryonic stem cells are transplanted into aged tissue they are not able to
repair damaged tissue as well as when transplanted into young tissue

14

.

Epidemiological studies show that diets rich in colorful fruits and
vegetables high in polyphenols or flavonoids may reduce the risk of developing
neurodegenerative diseases such as cognitive impairment, dementia,
Parkinson’s disease, or Alzheimer’s disease 18, 19 . Previous studies have shown
that nutraceuticals can have effects on adult stem cells. A nutraceutical
combination of blueberry, green tea extract, carnosine, and vitamin D3 (a
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proprietary formulation known as NT-020 has been shown to promote migration
of brain stem cells from the stem cell niche to the site of injury in an animal model
of stroke 12. NT-020 was shown to stimulate the proliferation of human stem cells
derived from bone marrow; bone marrow derived CD34 + and progenitor cells
from peripheral blood (CD133+) in vitro 20. NT-020 reduced the oxidative stressinduced apoptosis of microglia cells and neurons in vitro. Furthermore, cultured
bone marrow cells removed from mice given NT-020 orally for 2 weeks exhibited
a dose-related reduction of oxidative stress-induced cell death. This
demonstrates that the action of this nutraceutical on stem cells is not dependent
on the presence of the formulation as the effect was observed when the cells
were cultured in the absence of NT-020 for 3 days. In a further study by
Yasuhara et al, 2008, NT-020 supplementation protected male Sprague-Dawley
rats against ischemic stroke. NT-020 was orally administered for 2-weeks prior
middle cerebral artery occlusion (MCAo). On the NT-020 treated animals there
was a 75% decrease in mean glial scar at the infarction area in compared to the
vehicle. More importantly in this study it was demonstrated that NT-020
increased proliferation of stem cells in the subventricular zone and increased the
migration of stem cells to the area of injury. In this model the treatment was
initiated 2 weeks prior to the injury and did not continue after the injury and again
demonstrates the long lasting effect of this treatment as the increase in
neurogenesis was observed 2 weeks following the injury.
The goal of this study was to examine if NT-020 has the potential to
improve neural stem cell proliferation in aged rats and to see if there is a
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concurrent improvement in cognitive function. To carry out this goal we treated
20 month old rats with NT-020 for 3 weeks prior to testing them on a Morris water
maze. Following behavioral testing the brains of the rats were examined for
neural stem cell proliferation in the two stem cell niches of the brain, the SGZ and
the SVZ, hippocampal neurogenesis, and activated micgroglia cells in SGZ.

4.2 Experimental Procedures
4.2.1 Sources of NT-020
The ingredients of NT-020 are blueberry, green tea, vitamin D3 and
carnosine and is a patented proprietary formulation available from
NaturaTherapeutics, Inc..
4.2.2 Subjects
Experimental procedures were approved by the Institutional Animal Care
and Use Committee (IACUC). Fischer 344 rats, 3 months of age, and 20 month
of age were obtained from Harlan to be used in scientific experiments. All
animals were housed under normal conditions (20_°C, relative humidity of 50_%,
and a 12-hour light/dark cycle) and provided a normal NIH-31 diet. All studies
were performed by personnel blinded to the treatment condition.
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4.2.3 Oral treatment of NT-020 in rats
Aged rats were treated with 135.0 mg/kg a day of NT-020 oral gavage.
Young and aged control rats were treated with water by oral gavage. All groups
were treated for a period of 4 weeks.
4.2.4 Behavioral Testing
Morris water maze (MWM) was used to evaluate the effects of natural
compounds of NT-020 on spatial learning and memory by young and aged rats
after 3 weeks of treatment. The tank used was 1.5 m diameter, 10-cm-diameter
platform submerged 1 cm below the surface of water at 27°C. The performance
on the MWM was measured over 5 days of training, 4 trials per day. The
platform was placed in any of the 4 positions N, S, E, W. Every animal had an
assigned platform position, yet the starting site (dropping zone) was changed per
trial. Once animals found their escape platform, they were allowed to remained
on the platform for 30 sec between trials then transferred to a warm resting cage
for 30 seconds before the next trial. After the five days of acquisition of training
no probe trials were conducted. Using a computer tracking software (Noldus),
the cumulative search error was assessed. Cumulative search can be calculated
using the average distance to the target platform in meter and multiplied it by the
time to target. This type of measurement was chosen for our data since it mainly
reveals the age-related cognitive impairments while restricting bias due to
swimming capability. Spatial retention was assessed during the probe trial by
comparing the time spent in target platform to adjacent non-target quadrants,
(Gallagher M., 1993)
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4.2.5 Immunohistochemistry
Staining for DCX, Ki67 and OX6 was carried out on every sixth section
throughout the entire hippocampus or subventricular zone. 24 free-floating
sagital sections (40µm) were incubated in 0.3% H2O2 solution followed by 1hour incubation in blocking solution (0.1M PBS supplemented with 3% normal
goat serum and 0.2% Triton X-100). Sections were then incubated overnight
with Ki67(1:400 nocastra), DCX (1:200 Santa Cruz) and OX6 (MHC Class II;
1:750 BD) antibody markers in PBS supplemented with 3% normal goat serum
and 0.1% Triton X-100. Sections were then washed and biotinylated secondary
antibody (1:200; Vector Laboratories, Burlingame, CA) in PBS supplemented
with 3% normal goat serum and 0.1% Triton X-100 was applied for 1 hour. Next,
the sections were incubated for 60 minutes in avidin-biotin substrate (ABC kit,
Vector Laboratories, Burlingame, CA). All sections were then incubated for 1
minute in DAB solution (Vector Laboratories). Sections were then mounted onto
glass slides and cover slipped with mounting medium.
4.2.6 Stereology
KI67, DCX and OX6 positive cells were examined with a Nikon Eclipse
600 microscope and quantified using Stereo Investigator software, Version 8
MicroBrightField, Colchester, VT). Cells were counted within the Granule Cell
Layer using the optical fractionator method of unbiased stereological cell
counting techniques21. The sampling was optimized to count at least 200 cells
per animal with error coefficients less than 0.07. Each counting frame (125 x 125
μm for OX6, and Ki67, 175X125 μm for DCX ) was placed at an intersection of
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the lines forming a virtual grid (125 x 125 μm), which was randomly generated
and placed by the software within the outlined structure. Cell proliferation was
examined at the subventricular zone (SVZ). The sampling was optimized to
count at least 200 cells per animal with error coefficients less than 0.07. Each
counting frame was set at (75 X 75 μm) and a virtual grid size at (125X125 μm),
generating random sampling of the SVZ
4.2.7 Statistics
One way analysis of Variance (one-way ANOVA) was used for multiple
mean comparisons, followed by post hoc comparison using Bonferonni’s method
to compare all pair of columns. Levels were set at α 0.05 for all analyses.

4.3 Results
4.3.1 Cognitive function
Rats were tested for spatial memory using a standard MWM design where
the rats were trained for 5 consecutive days and 4 trials per day to find the
hidden platform. To determine the effect of the treatment on the distribution of
rats in a cognitively impaired group versus cognitively unimpaired groups we
examined performance on the 5th day of training. Figure 4.1A shows cumulative
distance to platform from all subjects. Figure 4.1B shows a scatter plot of the
individual rats performance on day 5 of training using cumulative distance to
platform. The aged control group can be seen to have a high variance of
performance. At 21 months of age it is expected that only about 30% of the
animals are considered aged impaired (AI) and this has been used to define AI
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in other studies 22 and thus the distribution of impaired in this group compares
with other published data. To be conservative aged impaired for the control aged
rats was determined as the lowest performing 40% of animals in this group. With
the lowest score for the aged control group for cumulative distance as the cutoff
for aged impaired (AI) in the treatment group there is only one rat in the
treatment group that would be considered AI for distance to platform. To further
compare between the 2 treatment groups we compared the worst performing rats
in each group (old control and old NT-020) for all days for the acquisition phase
on the MWM (Figure 4.1C). The treatment group is significantly different from
the aged control group the cumulative distances to platform. Thus, there is a
significantly lower distribution of rats as AI in the old NT-020 treatment group in
compared with the old control and the means are significantly different.
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Figure 4.1. Cumulative distance to platform. (A) Morris Water maze learning acquisition
performance of all subjects. When learning over days is graphed for all subjects, there is
a clear age difference where young rats outperform the aged rats; then by days 4 and 5,
a difference begins to emerge between the treatment group and the control aged group.
(B) When the highest scoring 40% of rats are examined as the aged impaired (AI)
groups for both the control and NT-020 treatment, there is a significant difference
between groups on days 5 (one-way analysis of variance [ANOVA] followed by
Bonferroni analysis; overall F=16.55, degrees of freedom [df ]=2, 12 post hoc for aged
control vs. treatment p<0.05; young vs. NT-020 is not significantly different) and distance
to platform (ANOVA, F=22.6 df=2, 12, aged control vs. aged NT-020 p<0.01). (C)
Individual rat performance on day 5 of training is shown to demonstrate the wide
variance of data within subjects and that there was lower variance in the NT-020-treated
group.
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4.3.2 Neural stem cell proliferation and neurogenesis in subgranular
zone (SGZ) of dentate gyrus of the hippocampus is increased
in aged rats after one month of NT-020 dietary
supplementation.
In order to test the hypothesis that NT-020 could impact the stem cell
niche in aged animals we examined the number of dividing cells in the
subgranular zone of the hippocampus using the mitotic marker KI67. Treatment
of 20 month old rats with NT-020 for a period of 4 weeks was found to
significantly increase the proliferative capacity of the cells present on the
subgranular zone of the dentate gyrus in comparison with the aged control group
as seen by quantification of the mitotic marker KI67 (Figure 4.2A). Quantification
of the Ki67 + cells was done through unbiased stereology using the estimated
number by optical fractionator. Also shown are representative sections of the
dentate gyrus showing that in the aged rats there are fewer KI67 cells compared
with young, but in the NT-020 treated rats there is a higher prevalence of labeled
cells. To address the question if this increase in proliferation within the
neurogenic niche translated into increased numbers of cells differentiating into
the neuronal lineage we quantified the staining for the neuronal lineage marker
doublecortin. As can be seen in Figure 4.3, neurogenesis as quantified by
doublecortin-positive cells was significantly higher in the aged NT-020 group as
compared with the control aged group. Representative micrographs are included
to demonstrate this effect in the various groups.
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Figure 4.2. (A) Ki 67 cells (cell cycle marker) present in the subgranular zone (SGZ) of
the dentate gyrus (DG) of young (4-month-old, n=10) and aged (21-month-old, n=13)
rats quantified using stereology methods. Asterisks denote a significant age-related
decrease in cell proliferation, demonstrating a significant increase of cell proliferation in
the NT-020 oral gavage treatment group compared with age-matched controls. There is
an overall age-related decrease in Ki67 cells with age. (One-way analysis of variance
[ANOVA] F=157.6, degrees of freedom [df] =2, 32; followed by Bonferroni post hoc
values [***] p=0.005, [**] p<<0.05). Photomicrographs depicting representative sections
of Ki67 staining in the granular cell layer (GCL) and SGZ of the DG of the hippocampus
(arrows) in young rats (B,C), in control aged rats (D,E), and in NT-020 aged, treated rats
(F,G). Scale bars for B, D, F, 100 μm; C, E, G, 20 μm. h indicates the hilus of the
dentate gyrus.
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Figure 4.3. Doublecortin cells (DCX) present in granule cell layer of the dentate gyrus
(DG) of young (4-month-old, n=10) and aged rats (21-month-old, n=13). Quantification of
DCX shows a significant increase of DCX cells in the DG of aged rats treated with NT020 for 1 month in comparison with aged rats treated with water oral gavage (one-way
analysis of variance [ANOVA] F=487.9, degrees of freedom [df ]=2, 24; Bonferroni post
hoc values [***] p<0.005, [**] p<0.05). Photomicrographs depicting representative
sections of DCX staining in the granular cell layer (GCL) and subgranular zone (SGZ) of
the DG of the hippocampus (arrows) in young rats (B,C), in control aged rats (D,E), and
NT-020 aged, treated rats (F,G). Scale bars for B, D, F, 100 μm; C, E, G, 20 μm. h
indicates the hilus of the dentate gyrus
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4.3.3 NT-020 treatment decreased activated microglia in the dentate
gyrus of the hippocampus.
As discussed in the introduction, aging is associated with an increase in
inflammation and oxidative stress which are known to be deleterious to the stem
cell niche. Thus, a second part of our hypothesis was that one aspect of the
beneficial effects of NT-020 treatment would be a down-regulation of
inflammatory markers in the aged brain. To examine this we estimated the total
numbers of cells that express MHC Class II receptors using OX6. Oral treatment
of NT-020 was able to decrease the numbers of cells that express major (MCH
class II) (Figure 4.4 A). In the NT-020 treated aged rats, the estimated numbers
of OX6 +cells were significantly lower than the aged group fed with water oral
gavages. Quantification of OX6 +cells was carried out using unbiased
stereology. The estimated number of OX6 +cells was taken from the estimated
number by optical fractionator.
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Figure 4.4 (A) OX6 cells (MHC class II) present in the granule cell layer of the dentate
gyrus (DG) (arrows) of young (4-monthold, n=10) and aged (21-month-old, n=13) rats
counted using stereology. Asterisks denote a significant age-related increase in MHC
class II–expressing cells, demonstrating a significant decrease in MHC class II
expression in the NT-020 oral gavage treatment group compared with age-matched
controls. There is an overall age-related increase in OX6 expression in cells with age.
(One-way analysis of variance [ANOVA] F=31.63, degrees of freedom [df ]=2, 32;
followed by Bonferonni post hoc values [***] p<0.005, [***] p<0.05). Photomicrographs
depicting representative sections of OX6 staining in the granular cell layer (GCL) and
subgranular zone (SGZ) of the DG of the hippocampus (arrows) in young rats (B,C), in
control aged rats (D,E), and NT-020 aged, treated rats (F,G). Scale bars, B, D, F, 100
μm; C, E, G, I 20 μm. h indicates the hilus of the dentate gyrus.
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4.3.4 NT-020 treatment increases proliferation of neural progenitors
in the SVZ
To determine if the effect that was observed in the subgranular zone was
also observed in other neurogenic areas we assessed the numbers of
proliferating cells in the subventricular zone. As can be seen in Figure 4.5 there
is an age related decrease in proliferation in the SVZ and treatment with NT-020
for one month was able to increase the numbers of proliferating cells.
Representative micrographs are included to demonstrate this effect in the various
groups.
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Figure 4.5 (A) Ki67 cells (cell cycle marker) present in the subventricular zone (SVZ) of
young (4-month-old, n=10) and aged (21-month-old, n=13) rats counted using
stereology. Asterisks denote a significant age-related decline in Ki67-expressing cells,
demonstrating a significant increase in number of cells expressing Ki67 staining in the
NT-020 treatment group compared with age-matched controls. There is an overall agerelated decrease in Ki67þ cells in the SVZ with age. (One-way analysis of variance
[ANOVA] F=52.82, degrees of freedom [df] =2, 24; followed by Bonferroni post hoc
values [***] p<0.005, [**] p<0.05). Photomicrographs depicting representative sections of
OX6 staining in the granular cell layer (GCL) and subgranular zone (SGZ) of the dentate
gyrus (DG) of the hippocampus (arrows) in young rats (B,C), in control aged rats, (D,E),
and NT-020 aged, treated rats (F,G). Scale bars, B, D, F, 100 μm; scale bar, C, E, G, 50
μm. h indicates the hilus of the dentate gyrus.
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4.4 Discussion
The present in vivo study, demonstrated the effect of NT-020 to increase
aspects of cognitive function and neural stem cell proliferation in the two main
stem cell niches of the brain. In the SGL of the dentate gyrus we also
demonstrate that neurogenesis as indexed by doublecortin is increased by NT020. Furthermore one of the key changes that may relate to the changes
assessed in neurogenesis is a decline in the numbers of MHC class II receptor
expression on microglia. Our hypothesis is that the local environment of the
aged animals has negative regulators on proliferation of stem cells, some of
which are being produced by activated microglia.
The notion of aging as a stem cell disease has been gaining popularity.
Considerable evidence points to the fact that stem cells throughout the body
have reduced regenerative capacity. For example hematopoietic stem cells in
the bone marrow of aged mice have a reduced capacity to repopulating potential
in transplants to mice following irradiation

23

. These authors also noted that

epigenetic regulation of inflammation and stress response pathways was
associated with the change in stem cell function. A further study identified p53
as a critical factor in that p53 gene dosage regulated this loss of stem cell
function 24. Interestingly this effect at the level of the bone marrow is also
translated into the CNS as it has been shown that mutant mice over expressing
p53 show early senescence, decreased stem cell proliferation in the SVZ and
decreased learning on an olfactory cure learning task

25

. Unfortunately the

positive effect of decreasing p53 gene expression on stem cell proliferation has
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the opposite effect on tumorogenesis and so there is an increased incidence of
neoplasm 15.
Many environmental influences on stem cell proliferation have also been
examined. For example high glucose

26

has been shown to impair endothelial

progenitor proliferation. Alcohol exposure can also reduce neurogenesis 27 28 .
Oxidative stress and inflammation are also both negative regulators of stem cell
proliferation 29, 30. It has clearly been demonstrated that circulating factors in the
aged animal influence stem cell function. Studies using parabiosis where the
circulation of 2 animals is connected have shown that the environment of an
aged rat can reduce stem cell proliferation in young animals and vice versa that
the circulation of a young rat can have a rejuvenating effect on the aged rats
stem cells 31 Thus it is clear that negative regulators of stem cell genesis are
present in aged animals. It is our hypothesis that one important negative
regulator that occurs in the aged brain relates to increased pro-inflammatory
cytokines and other factors coming from microglia. In this manuscript we have
demonstrated that one way to increase stem cell function in the aged animal is
via dietary supplementation. NT-020 increases proliferation of neural progenitor
cells in both the SVZ and the SGZ of the dentate gyrus. There is a concurrent
change in the numbers of microglia expressing MHC class II which supports our
hypothesis that one aspect of the mechanism of action for this dietary
manipulation is via the microglia.
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The role of progenitor cells in the brain remains under debate. One factor
that should be considered is that progenitor cells appear to have rejuvenating
effects when used as a cell therapy in aged animals or in disease models. For
example when the mononuclear cell fraction of umbilical cord blood is used for
treatment of stroke 32, ALS 33 or normal aging 34 these cells have a
neuroprotective function to reduce stroke damage, reduce motor symptoms of
ALS and to increase neurogenesis in the aged brain. Treatments of these
conditions with mature adult mononuclear fractions that contain a similar cell
makeup have no such therapeutic properties suggesting that there is something
different with the immature progenitor cells. Thus, the decline in progenitor cells
during aging may be an important factor underlying the reduced ability of the
aged brain to respond to injury and may underlie the susceptibility to
neurodegenerative diseases. Therapeutic approaches that improve progenitor
cell function such as the one described here may have far reaching effects to
improve the health of the aging brain in more ways than by just increasing
numbers of neurons in the dentate gyrus and olfactory bulb, known targets of the
SGZ and SVZ. We have demonstrated that NT-020 increases proliferation of
cells in these two stem cell niches and also results in a reduced number of aged
impaired rats following one month of treatment. At 20 months of age there is
considerable spread of cognitive scores with only about 30% of the rats being
considered aged impaired for cognitive function
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. After treatment with NT-020

there was a significant reduction in the numbers of aged impaired rats and a
significantly reduced spread in the cognitive scores. This is of importance as
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humans show similar ranges of cognitive function with age and this suggests that
those even in the upper range of normal could achieve some cognitive benefit
from these therapeutic approaches.
In summary, there is considerable evidence accumulating to suggest that
aging is a stem cell disease and that one of the factors that influence stem cell
function in aging is a change in the stem the environment of the aged body that
has a strong negative influence on the function of stem cells. One change that
occurs with aging is an increase in circulating factors such as cytokines and
chemokines and local tissue conditions that also increase pro-inflammatory
factors that have a negative effect on the function of all cells but most importantly
on the progenitor cell pools. Furthermore, there is something that seems to be
special about progenitor cells that has a rejuvenating effect on the aged
environment, thus improving the proliferation and function of progenitor cells as
done here by treatment of aged rats with NT-020 has a positive influence on the
stem cell niche and may have far reaching effects on organ function beyond
simple replacement of injured cells as demonstrated by an improvement in
cognitive function.
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CHAPTER 5

NT 020, A NATURAL THERAPEUTIC APPROACH TO AMELIORATE
SPATIAL MEMORY PERFORMANCE, AND TO REGULATE DIFFERENT
INFLAMMATORY MARKERS

5.1 NT-020 effects in spatial learning and memory and inflammatory
markers
The process of aging is associated with progressive decline of cognitive
function, antioxidant defenses, and immune function. A decline in neuroplasticity
during aging may be linked to an increase in oxidative stress and over activation
of microglia, resulting in a pro-inflammatory state. Previously, we have shown
that a diet supplemented with the proprietary combination of blueberry, green
tea, carnosine and vitamin D (called NT-020) creates an additive and synergistic
effect which help to restore the decline in spatial memory performance of old rats
in the Morris water maze relative to animals on a control normal diet. Moreover,
NT-020 promotes the proliferation and differentiation of neural progenitor cells in
the subventricular zone (SVZ) and in the dentate gyrus (DG) of the hippocampus
in aged rats. In addition we have previously shown NT-020 decreased MHC
class II activated microglia in the granular zone of the DG of aged rats relative to
control diet. In the present in vivo study, we investigated the therapeutic
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potential of NT-020 to ameliorate the age related cognitive decline in spatial
navigation using radial arm water maze and the regulation of different
inflammatory markers. To test this hypothesis, Male F344 rats were divided into
four groups, young NIH-31 diet (young control diet; n=8), young NT-020 plus
BioVin® supplemented diet (n=9), aged NIH diet (aged control, n=11), and aged
NT020 plus BioVin® diet (n=12). Rats were fed either NT-020 supplemented diet
or control NIH-31 diet for a period of 4 weeks ad libitum. At the end of week 3,
rats were tested for spatial navigation using a radial arm water maze. In this
experiment, rats were given 2 blocks of 4 trials separated by a 30 minutes rest
period per day, for a total of 8 trials a day for 4 days. On day 5, a probe trial was
given one hour before reversal training (RT) started. There were 4 trials for
reversal training and 2 hours after the last trial, a probe trial for the new location
was given. Protein analysis from hippocampal, cortical, and splenic lysates were
analyzed for different inflammatory markers using standard enzyme-linked
immunosorbent assay (ELISA) or Western blot techniques. The results suggest
that NT-020 supplemented diet improved the performance of old rats on trial 1
and 2 of day 2 and during reversal training of radial arm water maze.
Furthermore, NT-020 fed animals exhibited increase expression of CD4+ T cells
in the thymus and in the hippocampus. Also, it was found a decreased TNF-α in
the hippocampus and cortex of aged rats fed with NT-020 supplemented diet . A
decrease in IL-1β protein expression was also observed in the hippocampus of
aged rats fed with NT-020 supplemented diet.
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5.1.1 Aging and cognitive function
Aging is the number one risk factor for many neurodegenerative diseases
such as senile mild dementia, Alzheimer’s disease (AD), and Parkinson’s
disease among others. It is important to emphasize that cognitive and motor
decline is a hallmark of aging and it happens to different degrees even in the
absent of severe neurodegenerative diseases (Joseph A et al., 2005). In
mammals, cognitive functions decrease with normal aging, especially declarative
memory or explicit memory, which relates to reference memory about knowledge
of places and time (Craik and Byrd, 1982). Aging studies have shown that
cognitive decline during aging correlates with increased expression of
inflammatory markers and with declines in neurogenesis (Mc Donald HY., et al
2005, Drapeau E., et al 2008, Encinas JM., et al 2011). In the process of aging,
more than one factor is involved in the degeneration process, making organisms
such as mammals more susceptible to reactive oxygen species (ROS; free
radical theory of aging), and chronic inflammatory insults, including proinflammatory cytokines. These cytokines are able to induce and maintain
inflammatory reactions and they might potentiate brain pathologies by increasing
neuronal death and ultimately causing a decrease in neuroplasticity and cognitive
dysfunction. (Saxe et al., 2006, Brown GC et al., 2007 Kuhn HG et al., 1996,
Bachstetter et al., 2008, Drapeau E et al., 2008).
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5.1.2 Influence of aging on CD4+T cells
CD4 is expressed on the surface of different lymphocytes such as T
helper cells, monocytes, macrophages, and dendritic cells (Bernard A., 1984). It
has been shown that T-cell or also call T lymphocytes are greatly affected by the
process of aging. It has been proposed that T cells are major players in the
functioning of the brain, and their age-related decrease and dysfunction can
influence cognitive function. (Kipnis et al., 2004, Cao et al., 2009, Wolf et al.,
2009, Derecki et al., 2010). T cells express a variety of proteins that help them
carry out their specific function; among the most studied are the CD8+ T cells,
and CD4+ T cells. T cells expressing the CD4 protein are activated when they
interact with the antigens presented by major histocompatibility complex class II
or MHC II, on the surface of antigen presenting cells such as macrophages,
dendritic cells, and B cells. (Gutcher I & Becher B, 2007). CD4 recruits enzymes
known as lymphocyte-specific protein tyrosine kinase (Lck) enzymes to activate
phosphorylation cascades as phospholipase C that increases intracellular
calcium which will ultimately activate transcription factors as NF-κB which
induced and regulate the production IL-2, IL-4, and IL-10 genes (Holdorf AD et
al., 2002). These cytokines have neuroprotective activity during inflammatory
insults (Butovsky et al., 2006). T cells are greatly affected by the process of
aging due to the involution of the thymus with age. Studies have shown that
further T cells dysfunction such as decrease in proliferative capacity of memory
cells is a hallmark during the process of aging (Grubeck-Loebenstein B et al.,
1997)
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Moreover, studies have looked at the association of decrease functionality
of the adaptive immune system with cognitive function during aging. In a study
immunology study, kainic acid (KA) was used to cause excitotoxicity on the
hippocampus, B cells and T cells were studied to determine how they contribute
to the lesion. C57BL/6 mice deficient in T cell expression of either CD4, or CD8
were used. It was found that after the administration of KA, CD4- deficient mice
showed a more severe lesion with a 100% early mortality in compared with CD8and control wild type.

These results suggested that the lack of the CD4 T cells

greatly increased the vulnerability to cell death (Chen Z et al., 2004). Other
studies have used T cells deprived mice and have suggest that peripheral T cell
deficiency can cause cognitive and behavioral impairments ( Kipnis, et al., 2004,
Wolf et al., 2009). For instance, in an adult neurogenesis study, it was
demonstrated that that systemic depletion of CD4+T cells greatly decrease
hippocampal neurogenesis and negatively affect spatial navigation during Morris
water maze task. This study also looked at the effect of CD8+T cell depletion
and B cell depletion and they have no effect on neurogenesis. In order to
elucidate if the negative effect of CD4+T cell depletion can be reversed,
transgenic mice were infused with CD4 T cells and there was an increase of cell
proliferation and increase of brain derive neurotrophic factor (BDNF) in the
hippocampus ( Wolf et al., 2009). In sum, a healthy immune system seems to be
necessary if not indispensable to the normal brain functioning, it can be assumed
that immune system in part greatly contribute with the regulation of processes
from cell proliferation to brain plasticity to cognitive function.
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5.1.3 Aging, microglia and inflammatory markers
Studies have proposed the idea that microglial cells comprise the immune
system of the brain. Microglia are considered to be multifunctional due to their
immune surveillance, sensory, neurotoxic and neuroprotective capabilities.
(Wolfgang J., et al 2010, Ludmila A et al 2011). These immune cells infiltrate the
brain parenchyma as monocytes from bone marrow early during brain
development, where they further mature into microglia (Kazuyuki and Shinichi,
2004). Microglial cells are said to be in a “sensory” vigilant state when they
present a ramified morphology and they are said to be in an “active” or “reactive”
state when the cells are distended and retract their processes. For instance,
after traumatic brain injury, microglia become activated and causes a transient
activation of proliferative factors, ROS including superoxide anion, hydrogen
peroxide, and upregulation of pro-inflammatory cytokines (e.g. IL-6, IL1-β, TNFα) and anti-inflammatory cytokines (such as IL-4, and IL-10) in order to protect
the CNS from the injury (Kazuyuki and Shinichi, 2004, Northon et al., 1992,
Wolfgang J., et al 2010). In aging, and in many brain pathologies, there is an
exacerbation of reactive microglia cells and they tend to accumulate in areas of
the brain and remain in an active state for longer periods rather than in a resting
“sensory” state (Mizuno T et al., 2011, Seo-Hyun C et al., 2011).
As described above, cytokines are implicated in the inflammatory
response of the CNS and periphery. Pro-inflammatory cytokines are usually
present at low basal levels; however, their levels rise in neurodegenerative
diseases, after CNS injury or during the process of aging (Chao and Hempstead,
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1995; Greene and Kaplan, 1995). In a human AD study, meta-analysis was
carried out to determine the levels of different cytokines in peripheral blood and
in the cerebral spinal fluid (CSF). This study reported that there was a significant
increase of IL-6, TNF-α, IL-1, IL-12, IL-18 and transforming grow factor (TGF) in
peripheral blood from AD patient relative to control patients (Swardfager w et., al
2010). TNF-α, IL-1, IL-6 are cytotoxic proteins secreted by macrophages and
other cells in the immune system such as mast cells, and lymphoid cells. They
are known to be involved in the immune reaction against injury or cell death
(Walsh LJ et al., 1991b).
5.1.4 Oxidative stress during the process of aging
Many studies have proposed that oxidative stress during aging causes
structural damage to DNA, protein and macromolecules such as lipids (Ames et
al. 1993). During aging, antioxidant defenses decline, as well as the function of
the immune system declines. In older individuals, these changes are responsible
for the decreased capacity to fight against pathogens and diseases (GrubeckLoebenstein, 1997). It has been proposed that cardiovascular diseases,
diabetes, cancer, and brain pathologies are age-related diseases (Ames et al.
1993; Ames and Shigenaga, 1992; Harman 1956).
Studies supporting anti-aging therapies have shown that fruits and
vegetables contain antioxidant and anti-inflammatory properties that have the
potential to protect the CNS from the deleterious effect of reactive oxygen
species (ROS), and chronic neuroinflammation. High anti-oxidant supplemented
diet studies have shown improvements in cognitive function in aged rats, in which
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they have also shown a positive correlation with decreased neuronal death in the
hippocampus (learning and memory consolidation). (Shukitt-Hale B. et al., 2005,
Ramassamy C et al., 2006, Gemma C et al., 2002).

5.2 NT-020 a natural therapeutic formulation
NT-020 is a proprietary formulation high in anti-oxidant activity and it is
composed of blueberry, green tea extract, carnosine, and vitamin D3. In vitro
studies have shown that this combination of nutrients works synergistically to
decrease oxidative-stress, induce cell death and to stimulate the proliferation of
human stem cells in the bone marrow that express CD34, and to increase
progenitor cells from peripheral blood that express CD133+ (Bickford PC., et al
2006). In the case of in vivo studies, Yasuhara et al, 2008, showed that 2 weeks
of oral supplementation with NT-020 was neuroprotective in Sprague-Dawley rats
after ischemic stroke using a middle cerebral artery occlusion model (MCAo). An
increased number of neural stem cells were observed in the infarction area as
well as an approximately 75% decrease in the size of the glial scar relative to rats
in the control diet group. Two weeks after the MCAo injury, markers of
neurogenesis revealed increased neurogenesis in the DG of the hippocampus.
Compounds high in anti-oxidant content such as spirulina, blue green
algae, and NT-020 were used in an aging study and were found to be
neuroprotective against TNF-α a pro-inflammatory cytokine and they were able to
counteract the chronic inflammatory effect of lipopolysaccharide injection (LPS)
on neural stem cells and progenitor cells proliferation (Bachstetter AD et al.,
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2010). For the past decade, particular anti-oxidants called polyphenols found in
dark colored fruits and vegetables such as blueberries and spinach have been
extensively studied due to their ability to decrease inflammatory markers,
decrease neuronal death and increase longevity in aging subjects relative to
aging control subjects. The mechanisms of action of these molecules are yet to
be clarified in order to be used as a feasible therapeutic approach in our aging
population (Giacalone M et al., 2011, Joseph A et al., 2005, Wang Yet al., 2005).

5.3 Materials and Methods
5.3.1 Sources of NT-020
The ingredients of NT-020 are blueberry, green tea, vitamin D3 and
carnosine in a patented proprietary formulation available from
NaturaTherapeutics, Inc.
5.3.2 Subjects
All procedures were approved by the USF Institutional Animal Care and
Use Committee (IACUC). Young (3 months old) and aged (20 months old) male
Fischer 344 rats, were obtained from Harlan for use in these scientific
experiments. All animals were housed ad libitum (20_°C, relative humidity of
50_%, and a 12-hour light/dark cycle) and provided a normal NIH-31 diet. All
personnel involved in the study were blinded to the treatment condition.
5.3.3 NT-020 treatment:
All groups were treated for a period of 4 weeks with either control NIH-31
diet from Harlan Teklad or with 0.5% NT-020 plus BioVin® supplemented NIH-31
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diet. The NIH-31 control diet was ground and mixed with 0.5% NT-020
proprietary formulation. The diet was dried into pellets molds and cut into pieces.
About 700 grams of pellets per week per cage (two rats per cage)
5.3.4 Behavioral Testing
The behavioral testing was recorded using a computer tracking software
Noldus Ethovision XT (v4.1) (Noldus Information Technology, Wageningen, The
Netherlands. A 6 Arm Radial Arm Water Maze (RAWM) was the test of choice to
evaluate the effects of natural compounds of NT-020 on spatial learning and
memory by young and aged rats after 4 weeks of supplemented diet. A water
tank of approximately 150 cm in diameter was used along with a 40 cm high,
10cmin diameter platform. The platform was submerged 1 cm below the surface
of water. The temperature of the water was kept at 27ºCelsius every day. Rats
were placed on the start arm at the beginning of every trial, and the platform was
located on the goal arm. The location of the platform remained constant per rat
throughout acquisition of training, the starting position changes in every trial. A
space-training protocol was followed in this type of spatial navigation task to
allow rats to rest for 30 minutes. Rats were given 2 blocks of 4 trials with each
block separated by a 30 minutes rest period per day, for a total of 8 trials a day
for 4 days of acquisition training. Trials were up to 60 seconds long, once
animals found their goal platform, they were allowed to remain on the platform for
30 sec. If rats were unable to find their goal arm within 60 seconds, the rats were
guided to their goal arm and allowed to rest on the platform for 30 sec. On day 5,
a probe trial (one test trial giving 24hr after the last training trial) was given one
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hour before reversal training started. Platform locations were changed to 180°
degrees from the original location. Rats were giving 4 trials to train for the new
location (reversal training). Two hours from the last reversal training trial, a
probe trial for the new location was given. RAWM performance analysis was
done by counting the number of errors per trial (errors are given every time rats
enter the wrong arm).
5.3.5 Protein expression by Western blot analyses
Protein lysates from tissue were prepared in lysis buffer containing 1X
RIPA Buffer (Millipore 10X cat# 20-188), nanopure water, 1mM PMSF ( USB,
Cleveland, Ohio, USA), 1 aliquot of cocktail protease inhibitor per 10mls of
solution and 5mM EDTA (Thermo Scientific Rockford, Illinois, USA cat# 78442).
50µg of proteins were resolved on 4-15% precast polyacrylamide gel by
electrophoresis (Bio-rad, Hercules, California, USA) at 200 Volts for 20 minutes.
Using nitrocellulose membranes (Thermo Scientific, Rockford, Illinois, USA) , the
proteins were transferred (blotted) at 100 Volts for 30 minutes. Nitrocellulose
membranes were blocked by incubating in 10 milliliters (mls) of 1mM Tris Buffer
Solution (TBS), plus 5% non-fat dried milk (NFDM) for 1 hour. The blots were
incubated overnight with primary antibody in TBS-1%NFDM and 0.1% Tween-20
at 4°C with gentle shaking. The following primary antibodies were used; antirabbit Glyceraldehyde Phosphate Dehydrogenase (GAPDH) (1:20,000; Sigma
Aldrich cat# 9545), anti mouse β-actin (1:3,000; Aldrich cat# A5441), anti-mouse
CD4 (1:2,000; eBioscience cat# 14-20040-81 and cat# 14-0084-82). The blots
were washed three times in 1mM TBS plus 0.1% of Tween-20 followed by 1 hour
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incubation with fluorescent secondary antibody in TBS-1%NFDM and 0.1%
Tween-20 (goat anti-rabbit IRDYE 680LT 1:20,000, and Goat anti-mouse IRDYE
800CW1:10,000). Protein detection and bands densitometry quantification were
analyzed using the Odyssey® Infrared Imaging System (LI-COR, Lincoln,
Nebraska, USA).
5.3.6 Analysis of TNF-α and IL-1β
Protein concentration of TNF-α and IL-1β were measured in tissue lysates
from hippocampus and cortex using enzyme-linked immunosorbent assay
(ELISA) from Raybiotech protein assay. About 1µg/1µl sample concentration
was added into appropriate wells, and incubated overnight at 4°C with gentle
shaking. The following day, the solution was discarded and the plates were
washed 4X with 1X wash solution (Raybiotech). Plates were incubated for 1
hour at room temperature with detection antibody and washed 4X. 100µl of
horseradish peroxidase enzyme (HRP) streptavidin solution was added to each
well, incubated for 45 mins at room temperature and washed 4X. 100µl of
tetramethylbenzidine (TMB) (Raybiotech) was added to each well and incubated
for 30mins at room temp in the dark. About 50µl of stop solution (Raybiotech)
was added. Absorbance was measured at 450 nm immediately.
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5.3.7 Statistics
One way analysis of variance (one-way ANOVA) was performed for
multiple mean comparisons to determine significant differences between
variables. Level of significance was set at α=0.05 for all analyses. If significant
differences were noted, comparisons using post hoc Student–Newmann–Keuls
or Bonferroni’s method were used to compare the data. Also, unimpaired t-test
was used to test for independent means.

5.4 Results
5.4.1 Cognitive function
The spatial memory task, radial arm water maze (6 arm) (RAWM), was
used to test cognitive function. In order to assess the treatment effects on the
different group of rats, rats were given 2 blocks of 4 trials separated by 30
minutes rest period per day, for a total of 8 trials a day for 4 days. On day 5there
were 4 trials for reversal training. Figure 5.1 A, shows the average arm entry
errors with SEM from all the groups during acquisition of training and reversal
training 24hr after the last training trial. Figure 5.1 B. The average arm entry
errors from young rats only, young control and young NT-020 rats performed
statistically equal during all trials. Figure 5.1 C, The average arm entry errors
from aged rats only. This histogram shows that significant differences were
found in the number of entrey errors as shown in trial 1 and 2 of day 2 and on
trial 3 during reversal training (RT) in terms of treatment between aged control
and aged NT-020.

Aged rats fed with NT-020 supplemented diet have
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significantly less errors than aged control counterpart. The results suggest that
NT-020 supplemented diet improved the performance of old rats on trial 1 and 2
of day 2 and during reversal training of radial arm water maze.
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Figure 5.1: (A) Performance on test trials in the radial arm water maze of young rats and
(B) aged rats (20 month old) across days. A learning criterion was set to 1 error as
shown with the dashed line. The analysis was made by averaging total number of errors
(-+ S.E.M) per trial for days 1-4, probe trial (long term memory test) and for RT on day 5.
(B)(C) NT-020 diet improved the performance of old rats on trial 1 and 2 of day 2 and
during reversal training (RT) of radial arm water maze (Repeated measures ANOVA p<
0.05 Bonferroni’s Multiple comparison test Old vs. Old NT-020 mean difference= 0.3692,
t= 3.13, 95% CI of difference =0.052 to 0.68) (and unpaired t-test aged rats control vs.
aged rats treatment trial 1 of day 2 p= 0.0413, trial 2 of day 2 p=0.0399, trial 3 of RT
p=0.0317)
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5.4.2 CD4 expression in the thymus and hippocampus of young and
aged rats after 4 weeks of NIH-31 control diet or NT-020 dietary
supplementation.
In the present in vivo study, the CD4 protein expression in the thymus and
hippocampus was analyzed using western blot techniques in order to elucidate
the effect of a diet rich in anti-oxidant anti-inflammatory compound as NT-020.
As shown in Figure 5.2.A, 4 weeks of NT-020 supplementation increase the total
expression of CD4 in the thymus. As explained in the introduction, the thymus
involutes as we age, and thus the number of CD4+ T cells decreases with age.
Furthermore, CD4 expression in the hippocampus was analyzed, and it was
found that NT-020 supplementation for 4 weeks was able to increase the levels
of CD4 in aged rats, relative to aged rats in the control diet. (Figure 5.2.B)
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Figure 5.2 Thymus and hippocampal protein expression of CD4 in thymus. Asterisks
indicate significant differences between the groups. In (A) Aged rats fed with NT-020
supplemented diet show a 35% increase of CD4 protein expression in the thymus and in
(B) hippocampal expression of CD4 shows an approximate 60% increase in aged rats
fed with NT-020 supplementation (Figure 5.2 A Unpaired t-test Old control vs. Old NT020 *p= 0.025 df=13, two tailed)(Figure 5.2 B Two-way analysis of variance [ANOVA] F=
p<0.05, Bonferroni multiple comparisons test 20 month old difference 0.0176, t=4.234,
*p<0.05, ***p< 0.001)
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5.4.3 Inflammatory markers in the CNS in young and aged rats after 1
month of NIH-31 control diet or NT-020 dietary
supplementation.
As discussed in the introduction, we have shown that oral treatment with
NT-020 was able to decrease the expression of activated microglia cells (MHC
class ll) in the DG of the hippocampus. In the present study, protein analysis of
inflammatory markers was carried out in the cortex, hippocampus, and spleen in
order to test the hypothesis that NT-020 dietary supplementation for a period of 4
weeks could impact the expression of pro-inflammatory cytokines in the aged
rats. NT-020 supplementation for 4 weeks was found to significantly decrease
the protein expression of TNF-α in the hippocampus and in the cortex by
approximately 20% as measured by ELISA, relative to the aged rats fed with the
control diet as seen in Figure5. 3A & B. Furthermore, a different proinflammatory cytokine was analyzed, IL1-β, in protein lysates from hippocampus.
Il-1 beta expression in the hippocampus of aged rats fed with NT-020
supplemented diet was significantly reduced by approximately 25% in compared
with aged rats fed with control NIH diet. There was not a significant difference
between aged rats treated with NT-020 and young controls (Figure 5.3C).
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Figure 5.3: TNF-α and IL-1β protein expression in the CNS. Asterisks indicate
significant differences between the groups. In (A) Aged rats fed with NT-020
supplemented diet show a 20% reduction of TNF-α protein expression in the
hippocampus compared with aged rats fed with a control diet. In (B) a reduction of TNFα protein expression in the cortex of aged rats fed with the NT-020 supplemented diet
relative to aged control rats is evident. In (C) the aged rats fed with NT-020 diet , the
IL1-β protein expression in the hippocampus, decreased approximately 25% compared
with aged rat fed with control diet. There is an overall age-related increase of TNF-α,
and IL-1β expression in these areas with age. (Two-way analysis of variance [ANOVA]
in figure 5.3A, F= 19.91, degrees of freedom [df ]= 1, followed by Bonferroni post hoc
values [***] p<0.001. In figure 5.3B, F= 24.09, [df]=1, followed by Bonferroni post hoc
values [*] p<0.05. In figure 2C, F= 5.045, [df]=1, followed by followed by Bonferroni post
hoc values [*] p<0.05.

103

5.5 Discussion
In the present study, we have reported an improvement of the
performance of aged rats on radial arm water maze, and augmentation of CD4
protein expression in the brain, an increase of CD4 expression in the thymus, a
decrease in pro-inflammatory cytokines TNF-α and IL-β protein expression in the
brain of aged rats fed with the NT-020 relative to aged rats fed with the control
diet. As we have previously shown, NT-020 oral treatment was able to reduce
the number of activated microglia, and increase proliferation of stem cells and
neurogenesis in the SVZ and SGZ of the DG. Thus the current findings
corroborate our previous observations. It has been shown that cognitive abilities
decrease as we age, especially our knowledge of explicit memory. It is well
established that there are age-related declines in spatial navigation memory, and
this has been correlated with declines in immune function, stem cells and
neurogenesis (Shukitt-Hale B et al., 2003, McDonald HY &Wojtowicz JM et al
2005, Drapeau E et al., 2008, Wolf et al., 2009, Encinas JM et al., 2011)..
CD4 is expressed on the surface of different lymphocytes such as T
helper cells, monocytes, macrophages, and dendritic cells (Bernard A., 1984).
The relevance of the results reported in this study is that many studies have
showed that CD4 acts as signal amplifier to aid immune cells in the production of
cytokines after they come in contact with antigen presenting cells (APC). CD4
recruits tyrosine kinase enzymes to activate phosphorylation cascades as
phospholipase C that increase intracellular calcium which will ultimately activate
transcription factors as NF-κB which regulate the production IL-2, IL-4, and IL-10
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genes (Holdorf AD et al., 2002). These cytokines have neuroprotective activity
during inflammatory insults (Butovsky et al., 2006). This neuroprotective activity
could be a possible mechanism for the decrease of IL1-β and TNF-α levels found
in this study in the brain of aged rats fed with NT-020. CD4+T cells when
activated can produce an array of cytokines, and among the anti-inflammatory
cytokines produced by such T cells are IL-4 and IL-10 that might have interact
with receptors in activated microglia cells. Anti-inflammatory cytokine such as IL4 and IL-10 were not assessed in this experiment, and further cytokine analysis
is needed to support this mechanism of action (Kipnis et al., 2004, Wolf et al.,
2009, Derecki et al., 2010).
In sum, the present in vivo study shows that a diet supplemented with NT020 ameliorates age-related immune dysfunction, decrease pro-inflammatory
factors and rescue cognitive function in aged rats. Aging is considered to a
consequence of many factors including a decrease on proliferative capacity for
cell renewal and healing instigating apoptosis and dysfunction (McDonald HY
&Wojtowicz JM et al., 2005, Drapeau E et al., 2008, Encinas JM et al., 2011).
We believe that the main mechanism of action is through retarding immune cells
senescence using dietary supplementation that are able to target oxidative
stress, and inflammation. Yet, more needs to be done in order to elucidate a
reliable mechanism.
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CHAPTER 6

DISCUSSION
6.1 Main goal
The main goal in this dissertation was to examine the process of aging,
and to evaluate how extrinsic factors affect cognitive functions and the
neurogenic niches of the CNS. In our hypothesis, we state that negative extrinsic
factors are elevated within the aged milieu and directly affect the proliferative
capacity, survival and differentiation of neural progenitors, which will disrupt
neuronal plasticity. We believe that some of these negative factors are produced
by exacerbated activation of microglia cells and they might affect normal
cognitive function in the aged rats. Also, by protecting the aged
microenvironment from oxidative damage and chronic inflammation, it is possible
to restore the proliferative capacity of neural stem cells, augment the
differentiation and maturation ratio of new neurons and thus rescue or ameliorate
cognitive function.
Studies have demonstrated that there is a correlation between aging,
decreased cognitive function and neurodegenerative diseases. In mammals,
there is an age-related decrease in cognition function, especially in contextual
and spatial memory and relates to memories of places and time (Craik and Byrd,
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1982). The mechanisms by which aging affects cognitive function are diverse.
One area of interest that has been examined is that a decline in cognition
correlates with reduced neurogenesis (Mc Donald HY., et al 2005, Drapeau E., et
al 2008, Encinas JM., et al 2011). In a neurogenesis and aging study by a group
led by Drapeau E. et al, it was demonstrated that aged animals with conserved
spatial memory (aged-unimpaired) show more cells in their proliferative state in
the DG relative to aged-impaired. In terms of neurogenesis, it was also found
that aged unimpaired rats exhibit a larger number of new neurons. These data
reinforced the idea that cognitive alteration during the process of aging is
proportionally related with the ability of cells self renewal and incorporation to
neuronal circuitry for synaptic activity (Drapeau E., 2003).

6.2 Cognitive function and inflammation
Since aging is associated with exacerbation of activated microglia and
thus, increased secretion of pro-inflammatory cytokines such as TNF-α, the
performance on the delay eyeblink conditioning task was studied infusing young
rats with TNF-α and blocking TNF-α in aged rats to evaluate its role during
memory formation (Chao and Hempstead, 1995; Greene and Kaplan, 1995). In
order to test the effect of TNF-α on memory formation, young rats, which contain
very low basal levels of TNF-α, were infused with recombinant rat TNF-α (rrTNFα) into the deep nuclei of the cerebellar cortex before a delay eyeblink
conditioning task, and NE release was measured. It was found that the infusion
of rrTNF-α interferes with memory formation and affects the release of
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norepinephrine during acquisition of learning. Evaluating these results, it was
interesting to examine the effect of blocking TNF-α in aged animals to prove that
we can rescue some of the detrimental effects found when rrTNF-α was infused
in young animals. Then, aged rats were infused with an antibody against TNF-α
into the deep nuclei and cortex of cerebellum prior to eyeblink conditioning.
Interestingly, anti-TNF-α treatment was able to increase the memory formation
during eyeblink conditioning relative to aged control. Rats treated with anti-TNFα showed NE release shifted to the left which is indicative of an earlier release
and improvement during eyeblink conditioning relative to aged control. These
findings suggest that the elevation of TNF-α during aging, might be an important
factor that could interfere with the plasticity of purkinje cells and decrease the
signal to noise ratio of spontaneous firing and directly affect memory formation in
these aged rats.
As mentioned in chapter 5, aging is a multi-mechanistic process that
makes mammals more vulnerable to changes in metabolism (ROS), inflammation
(pro-inflammatory cytokines) and causes an imbalance in the homeostasis of the
brain and periphery. Microglial cells are considered the resident myeloid-lineage
cells of the CNS. It has been demonstrated that microglia secrete ROS,
cytokines and chemokines depending on the magnitude of the insult. During the
process of aging, it seems that there is an imbalance of this immunological
reaction that goes toward exacerbated immunological response probably from an
age-related altered immune system, which might provoke neurodegeneration and
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cognitive dysfunction (Hoek Robert M et al., 2000, Lyons A. et al., 2007, Encinas
JM., et al 2011, Seo-Hyun Cho et al., 2011).
Based on the assumption that during the process of aging, there is an
altered and over reactive immune system, in conjunction with our TNF-α finding,
we then asked the question whether an anti-oxidant and anti-inflammatory
formulation called NT-020 can restore or ameliorate the age-related cognitive
decrements, and down regulate negative extrinsic factors in the aged milieu.
NT-020 is a proprietary formulation that has been shown to have high antioxidant and anti-inflammatory activities. This dissertation demonstrated
beneficial therapeutic effects in cognition, proliferation of neural stem cell pool,
and in markers of inflammation such as microglia, CD4+T cells and proinflammatory cytokines.
Evidence shows that the integration of new neurons into the granular cell
network within the dentate gyrus is associated with learning and memory in
hippocampal dependent behavioral tasks such as novel object recognition, trace
conditioning and spatial learning and memory (Dupret D., et al 2008, Kevin G
Bath, et al 2011, Vukovik J., et al 2011). In addition to studies examining the
integration of new neurons, lesions in specific areas have been studied to
understand their function. For instance, research has shown that lesions to the
perforant pathways have shown to severely impair animals on a spatial
navigation task (Kirkby DL., et al 1998). The perforant pathway is the major
glutamatergic input from entorhinal cortex to the hippocampus and contains a
high expression of NMDA receptor. Glutamate activates NMDA receptors
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inducing changes in synaptic plasticity modulating learning and memory (Morris
R.G.M, et al 1986, Wigstrom, H. & Gustafsson, B. 1987).
The hippocampus receives two main excitatory pathways, the trisynaptic
pathway, and the monosynaptic pathway. In the trisynaptic pathway, the
enthorinal cortex receives inputs from areas of the neocortex such as frontal,
parietal, occipital, and temporal lobe about language, sensory, spatial, and motor
information. From its outer layer, the enthorinal cortex sends these major
excitatory (glutamatergic) inputs through the perforant pathway to the dentate
gyrus, whose axonal projections go to the CA3, then from CA3 to the CA1, and
back to the enthorinal cortex (EC) through the subiculum (Nakashiba T et al.,
2008). Deng et al in an excellent review about how neurogenesis affects
learning and memory states that studies have shown that the new granular cells
neurons integrate to the hippocampal circuitry specifically to the excitatory
trisynaptic pathway and they have a key role in hippocampal learning and
memory (Wei Deng et al 2010). Moreover, synaptic transmission studies have
revealed crucial information about the how spatial representations form and flow
to different areas of the hippocampus. In a study by Nakashiba T et al., 2008,
transgenic mice were used to determine the role of CA3 output in hippocampal
learning. They used a tetanus toxin based method that allowed the reversible
inhibition of the trisynaptic pathway transmission. By inhibiting this pathway, they
were able to study the output of information from the monosynaptic excitatory
pathways in which information by passed CA3, going from enthorinal cortex to
the CA1 and back to the enthorinal cortex. It was determined that the CA3
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output to the CA1 is not essential for spatial learning, however, CA3 is necessary
for fast high quality contextual learning, rapid memory recall and spatial tuning of
CA1 cells (Nakashiba T., et al 2008).
In this dissertation, it was found that aged rats fed with NT-020 showed
improvements in cognitive functions as shown using the spatial navigation task
Morris water maze and radial arm water maze. There was a significant
improvement in memory during acquisition trials in aged rats fed with NT-020 on
day 5 in compared with aged control. Later, radial arm water maze, a more
robust spatial navigation task, demonstrated that NT-020 fed aged rats
performed fewer arm entry errors on day 2, and during reversal training. Overall,
NT-020 supplementation was able to rescue the cognitive deficits found on aged
rats during either spatial navigation task as evaluated in this report.
Also, we reported an increase of 30% in cell proliferation in the SVZ and
the SGZ of the dentate gyrus in the hippocampus and neurogenesis of about
45% in aged rats in the DG of the hippocampus relative to the control group after
4 weeks of treatment with the formulation NT-020. Neurogenesis was measured
using the immature neuronal marker doublecortin (DCX) which is expressed
beginning at 2 weeks from the day the new neuron was born, and literature
shows, that during maturation, by week 2, new born neurons start growing axonal
projections towards the CA3 region, and dendrites to the perforant pathway.
Thus, one extrapolation of the data presented in chapters 4 and 5 is that the
amelioration of spatial navigation memory seen in our NT-020 aged rats, relative
to our aged control, is due to the addition of new excitatory outputs from new
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granular neurons from the dentate gyrus to the CA3, and from here to the CA1
for spatial tuning.
In the dentate gyrus (DG) of the hippocampus, the activated microglia
marker MHC II was examined. After counting the positive cells for MHC II in the
DG, it was demonstrated that there is a decrease of approximately 40% in this
marker for activated microglia in aged rats after treatment with NT-020 relative to
aged controls. These results can be explained by the fact that NT-020
compounds work synergistically to decrease oxidative-stress. In a previous
study, It was shown that the proprietary formulation NT-020 produce a synergistic
effect to promote proliferation of human hematopoietic progenitors expressing
CD34 and CD133 (Bickford PC., et al 2006). In a different study it was concluded
that NT-020 also works synergistically to decrease oxidative stress and increase
survival of microglial cells and murine neural cells in culture after H2O2 insult.
(Shytle D et al., 2007). Then, decreasing oxidative stress could ameliorate the
microenvironment, reducing negative extrinsic factors such as pro-inflammatory
cytokines, superoxide, and peroxide anions, that otherwise would damage the
DNA, induce cell death and provoke further activation of immune defenses.
Similar neurogenesis results were found in an ischemic stroke model using
middle cerebral artery occlusion (MCAo). During stroke insult, there is an
exacerbation of immune cells such as microglia and astrocytes that invade the
infarction area causing glia scars due to the inflammatory response. The
formations of glial scars is characteristic of tissue injury, and inhibit axonal
regeneration in the CNS (Stichel CC & Müller HW.,1998). In this study, It was
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demonstrated that NT-020 can reduce the glial scar by approximately 75%, and
increase the number of NSCs in the infarction area. When looking at cell
proliferation in the SVZ, it was found that NT-020 increased the number of neural
stem cells and also increases the migration of these newly formed cells toward
infarct area relative to rats in the control diet group. Also, in this study they
determined that NT-020 rescued the stroke-induced alterations in neurogenic
factors as BDNF, stem cell factor (SCF) glial derived neurotrophic factor (GDNF)
and vascular endothelial growth factor (VEGF) (Yasuhara et al, 2008). Thus this
study suggest that dietary supplementation of NT-020 rescue stroke-related
neurodegeneration by increasing NSCs migration to infarct area, inducing the
production of neurotrophic factors, and decreasing the inflammatory insult on the
ischemic stroke in the CNS.

6.3 Pro-inflammatory cytokines
Numerous studies have shown that diets supplemented with nutrients
with high anti-oxidant capacity can restore cognitive function in aged rats, and
these diets show a positive correlation with decreased pro-inflammatory
cytokines such as TNF-α, and neuronal death in the hippocampus (Shukitt-Hale
B. et al 2005, Ramassamy C et al 2006, Gemma C., et al 2002). In this
dissertation, it was demonstrated that NT-020 was able to down regulate the
expression of pro-inflammatory cytokines as TNF-α and IL-1β in the CNS. NT020 supplementation for 4 weeks significantly decreased the protein expression
of TNF-α in the hippocampus and in the cortex by approximately 20% as
113

measured by ELISA, relative to the aged rats fed with the control diet.
Furthermore, IL1-β expression in the hippocampus of aged rats fed with NT-020
supplemented diet was significantly reduced by approximately 25% compared
with aged rats fed with a control diet. These findings support the previous
observations about the therapeutic effect of NT-020 on regulating the immune
response and cognitive function.
These results correlate with previous aging studies in our laboratory where
apples and spirulina were used, and the cerebellar β-adrenergic receptor function
and the mRNA expression of pro-inflammatory cytokines were examined in
young and aged rats. This study found a decrease in mRNA expression of TNFα after dietary treatment, and its decrease was correlated with oxygen radical
absorbance capacity (ORAC), a low ORAC supplement of cucumber was
ineffective. Also, it was found that the cerebellar β-adrenergic receptor function
was ameliorated after treatment with spirulina as shown in their electrophysiology
results (Gemma C et al., 2002). Thus, the anti-inflammatory properties and the
ability to increase neural stem cells and neurogenesis evaluated in this
dissertation can be attributed to its ability to maintain homeostasis by keeping
microglia cells in a resting phenotype. Iin order to promote microglia cells to
maintain a resting phenotype, it is important to have a functional glialenvironment and neuronal communication (David JP et al., 1997, Gemma C et
al., 2010,). It could be plausible that the NT-020 effects on neurogenesis
reported in this dissertation can also be explained by the amelioration of this
interaction either by inhibiting microglia senescensce or ameliorating the aged
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microenvironment. Evidence shows that there is an age-related dysfunction of
microglia communication during aging (Conde JR., et al 2006).
This dissertation to some extent defends the idea that there is an intimate
relationship between dysfunctional microglia and age-related decreases in NSCs,
neural cell proliferation, and cognitive dysfunction. But, in order to effectively link
senescent or dysfunctional microglia to the process of aging and
neurodegenerative diseases it is necessary to study the mechanism of action of
these cells during the process of aging and during neurodegenerative diseases.

6.4 Influence of NT-020 diet on adaptive immune system
In the present dissertation we reported an augmentation of CD4+T cell
protein expression in the thymus and an increase protein expression of CD4 in
the hippocampus of aged rats fed with the NT-020 relative to aged rats fed with
the control diet. The relevance of these results is that many studies support the
idea that T cells are key players in terms of immune functioning of the brain, and
may have a direct or indirect on cognitive function (Kipnis et al., 2004, Cao et al.,
2009, Wolf et al., 2009, Derecki et al., 2010). In an adult neurogenesis study, it
was demonstrated that systemic depletion of CD4+T cells greatly decreased
hippocampal neurogenesis and negatively affected spatial navigation during the
Morris water maze task. And by infusing these mice with CD4+ T cells, they
were able to show increases in cell proliferation, and BDNF in the hippocampus
(Wolf et al., 2009). It has been shown that T cells in the meningeal spaces of
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mice produce great amounts of IL-4 after behavioral stress. IL4-/- mice showed
impairments in the Morris water maze as well as increase in pro-inflammatory
cytokines in compare with IL4-/- infused with T cells from wild type (Dereki et al.,
2010). Based on the supporting literature, the increased CD4+protein we
observed could be related to increased naive CD4+ T cells and be part of the
mechanism underlying improved cognitive function. Anti-inflammatory cytokine
such as IL-4 were not assed in this experiment, and further biomarkers are
needed to propose an more robust mechanism of action.

6.5 Predictions
The process of aging has been characterized by impaired immuno
regulation. Both the innate and adaptive immune systems are affected during
the process of aging and during neurodegenerative diseases. The immune
system decreases during aging due to different factors for instance increased
expression of tumor suppressor genes such as p53, p16, and p21 induced cell
cycle inhibition which correlate with declines of proliferative capacity of stem
cells during aging (Krishnamurthy J et al., 2006, Corona A et al.,2011). Also,
some cells from the immune system are decreased during aging for instance T
cells decrease in the periphery of aged mammals due to the involution of the of
the thymus which is where naïve T cells proliferate and mature. During aging,
many cells from the immune system start presenting age-related physiological
changes or morphological changes which affect their function. For instance,
during aging, microglia cells express markers of activated microglia and there is
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an increase on the production of ROS and pro-inflammatory cytokines as
compared to microglia cells from young animals (Corana A et al., 2011).
Cells within the immune system are composed of a vast array of receptors
in order to respond promptly to very low signals caused by even minimal
disturbances in the microenvironment of the CNS or periphery (Corana A et al.,
2011, Derecki et al., 2010, Wolf et al., 2009). In the CNS for instance pathogenic
insults or changes in neurotransmitters, chemokines, T cells and cytokines etc
from the brain parenchyma can activate these receptor cells in order to repair or
induce protective immune responses (Kreutzberg G., 1996). Studies have
shown that these receptors might undergo physiological changes during aging
and during neurodegerative diseases (Seo-Hyun Cho et al., 2011). In an AD
study, it was found that the communication of fractalkine and its receptor was
disrupted. The study looked at the levels of CX3CR1 in AD brains from mice,
and it was found that the receptor is down-regulated in vitro by infusing the cells
with amyloid beta (Aβ) (Seo-Hyun Cho et al., 2011). The above study show the
influence of a neurodegenerative disease on the fractalkine receptor, yet the
mechanism of action for receptor downregulation is unclear, nor was it
examinedif an neurodegenerative-related dysfunctional microenvironment could
instigate such changes in other important receptors
In the CNS, microglia cells are under neurochemical control due to its
numerous receptors for CNS molecules such as neuropeptides, neurotrophic
factors and neurotransmitters (Aloisi., 2001). Studies have shown that
disturbances on the levels of glutamate can cause microglia to act as a
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neurotoxic. For instance, activation of the AMPA receptor by high levels of
glutamate or kainite will cause upregulation of TNF-α which might trigger
neuronal death through TNFR or p55 on neurons. On the contrary, blocking of
the AMPA ionotropic glutamate receptor in microglia cells results in the
downregulating of TNF-α expression (Noda, et al., 2000, Hagino Y et al., 2004).
Amyotrophic lateral sclerosis or ALS is a motor neuron disease characterized by
the death of upper and lower motor neurons and by very high plasma levels of
glutamate. These types of pathologies are always accompanied by the
exacerbation of microglia cells, which are very likely to contribute to the
pathology of the disease (Al-chalabi et al., 2000). Furthermore, noradrenergic
and dopaminergic receptors on microglia cells are said to modulate inflammatory
insults. For instance beta-adrenergic agonists were able to inhibit ROS
production, microglia proliferation and LPS induced IL-12p40.

In a study in

where noradrenaline levels were depleted, inflammatory microglia responses
were elevated as well (Farber K et al., 2005, Heneka M et al., 2002).
Neurodegenerative diseases such as AD and PD are characterized by loss of
locus coeruleus (LC) neurons which carry norepinephrine or noradrenergic
projection, ultimately causing down regulation of cortical norepinephrine levels
(Pocock J et al., 2007). In these instances, the question remains as how exactly
these dysregulation are causing the immune system to over react in the brain
and how can we turn it off?
The physiology of the immune system during aging is not very well
understood and it is imperative to answer these questions of whether or not the
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neurochemical environment such as neurotransmitter release or neuropeptides
release are affected by age or whether cells from the immune system of the brain
such as microglia undergo some kind of senescent process or they are just over
activated due to signals from a pathological environment. We believe that the
mechanism by which these interactions occur during aging and how affect the
proliferation of neural stem cells, and cognition is key to future therapeutics
approaches.

6.6 Conclusion
In this dissertation, we demonstrated how neuroinflammatory factors play
a significant role in the process of aging and in age-related cognitive decline.
The influence of a pro-inflammatory cytokine known as TNF-α modulation
learning and memory consolidation was assessed as well as the importance of
the microglia cells to being able to keep balanced homeostasis in the brain. We
and others has demonstrated the effects of natural therapeutics such as NT-020
as promising compounds that might work as well as stem cell transplantation
because they have the potential to reverse the detrimental inflammatory effects
by decreasing extrinsic inflammatory factors. It was demonstrated that by
downregulating pro-inflammatory genes, the age milieu could be able to maintain
balance homeostasis and provide a healthier microenvironment for the
proliferation of NSCs, differentiation to neurons and survival.
These results are clinically relevant, because aging represent the number
one risk factor associated with the development of neuropathologies as memory
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loss, non AD dementia, AD, and PD. Currently, approximately 12% of the
population of the United States is considered to be older than 65 years old, and
in 20 years is expected to be approximately 20% to 25% of the entire population
(U.S. Bureau of the Census). This increase is a concern in the health system
due to the consequences it carries. Increases in the size of the aging population
will likely cause an increase of age-related diseases which might decrease
quality of life and productivity of this population, as well as increased health and
medical costs. Engaging into molecular therapeutic interventions with
compounds high in anti-oxidant and anti-inflammatory capacity as NT-020 it is a
feasible and accessible way to prevent neurodegeneration and the pathologies
associated with it, and to restore and regulate immune system function to
achieve better quality of life as well as achieving more productive years in a
successful aging population. Thus, there is the need to investigate and develop
molecular therapeutics to downregulate the negative effects of the process of
aging and to reduce or stop the progression of neurodegenerative diseases in
our fast growing aging population.
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